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AQUILLA  LAKE 
AQUILLA  CREEK,  TEXAS 

EMBANKMENT  CRITERIA  AND  PERFORMANCE  REPORT 
SECTION  1  -  INTRODUCTION 

1-01.  Authority.  Authority  for  preparing  Embankment  Criteria  and 
Performance  Reports  is  contained  in  ER  1110-2-1901;  Subject:  Embank¬ 
ment  Criteria  and  Performance  Report,  dated  31  December  1981. 

1-02.  Purpose.  The  purpose  of  the  report  is  to  provide  the  informa¬ 
tion  needed  to,  (1)  familiarize  engineers  with  the  project,  (2)  re¬ 
evaluate  the  earth  embankment  and  ancillary  structural  features  in  the 
event  of  unsatisfactory  performance  and  (3)  provide  guidance  for 
designing  comparable  future  project's. 

1-03.  Authorization  and  purpose  of  the  project.  The  Aquilla  Dam  and 
Reservoir  project  was  authorized  by  the  Flood  Control  Act  of  1968; 
approved  August  13,  1968,  Public  Law  90-483  (82  Stat.  741)  90th 
Congress.  The  purpose  of  the  project  is  flood  control,  municipal  and 
industrial  water  supply,  fish,  and  wildlife  enhancement,  and  general 
recreation. 

1-04.  Project  maintenance.  The  project  is  operated  and  maintained  by 
the  Corps  of  Engineers.  Aquilla  Dam  is  inspected  annually  by  the 
Operations  Division  and  inspected  periodically  by  the  Engineering 
Division  in  accordance  with  the  Corps  of  Engineers  program  of  "Periodic 
Inspection  and  Continuing  Evaluation  of  Completed  Civil  Works  Struc¬ 
tures." 
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1-05.  History  of  project  design.  Feature  design  for  the  Aqu ilia  Lake 
embankment,  spillway,  and  outlet  works  was  presented  in  Design  Memo¬ 
randum  No.  7  dated  May  1976,  prepared  by  the  U.S.  Army  Corps  of 
Engineers,  Fort  Worth  District.  It  was  reviewed  by  the  Southwestern 
Division  and  the  Office  of  Chief  of  Engineers.  Prior  to  submittal  of 
Design  Memorandum  No.  7,  the  overall  design  of  the  Aquilla  Lake  proj¬ 
ect  was  presented  in  General  Design  Memorandum  No.  3  dated  July  1975. 
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SECTION  2  -  PROJECT  DESCRIPTION 


2-01.  General .  Aquilla  Dam  is  located  on  Aquilla  Creek  in  Hill 
County,  Texas,  approximately  7  miles  southwest  of  the  city  of  Hills¬ 
boro,  Texas.  The  Aquilla  Creek  watershed  is  in  the  middle  portion  of 
the  Brazos  River  8asin  in  Central  Texas  and  has  a  maximum  length  of 
about  41  miles  and  a  maximum  width  of  about  16  miles.  Aquilla  Creek 
originates  near  the  city  of  Cleburne,  Texas,  and  flows  a  distance  of 
about  54  miles  in  a  south  to  southeasterly  direction  to  its  confluence 
with  the  Brazos  River.  Location  of  the  project  is  shown  on  Plate  1. 
Major  structures  at  the  project  consist  of  an  earthfill  embankment,  an 
outlet  works,  and  a  spillway,  as  shown  in  plan  view  on  Plate  2.  Aerial 
photographs  of  the  embankment,  outlet  works,  and  spillway  are  shown  on 
photographic  exhibits  1  and  2.  The  embankment  is  a  rolled  earthfill 
approximately  11,980  feet  long.  The  limited  service  spillway  consists 
of  an  uncontrolled  trapezoidal  broadcrested  weir  1200  feet  wide.  The 
outlet  works  consists  of  an  approach  channel,  intake  structure,  and 
service  bridge;  a  951  foot  long  cut  and  cover  conduit,  stilling  basin, 
and  discharge  channel. 

2-02.  Pertinent  data. 

a.  Embankment. - 

(1)  Type  -  earthfill 

(2)  Length  -  11,980  feet 
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(3)  Maximum  height  -  104  feet  above  streambed 

(4)  Crest  width  -  38  feet 

(5)  Top  elevation  -  582.5  feet 

b.  Spillway. - 

(1)  Type  -  uncontrolled  trapezoidal  broadcrested 

weir,  limited  service 

(2)  Length  at  crest  -  1200  feet 

(3)  Crest  elevation  -  564.5 

c.  Outlet  works. - 

(1)  Type  -  gated  conduit 

(2)  Conduit  diameter  -  10  feet 

(3)  Conduit  length  -  950.5  feet 

(4)  Control  -  two  4.5  x  10-foot  sluice-type  gates 

d.  Drainage  area.  -  252  square  miles 


C4] 


e.  Reservoir  data.- 


Capacity*  i 

Feature 

Elevation 
(ft  msl) 

Area 

(acres) 

Acre-feet 

Equivalent 
runoff 
( Inches) 

Top  of  dam 

582.5 

- 

- 

- 

Maximum  design 
water  surface 

577.5 

14,495 

359,900 

26.78 

Spillway  crest 

564.5 

8,980 

213,800 

15.91 

Top  of  flood 
control  pool 

556.0 

7,000 

146,000 

10.86 

Top  of  conser¬ 
vation  pool 

537.5 

3,280 

52,400 

3.90 

Streambed 

478.0 

- 

- 

- 

♦Includes  25,700  acre-feet  of  storage  for  estimated  100-year  sediment 
deposition,  with  13,800  acre-feet  below  elevation  537.5  and  6,900 
acre-feet  between  elevations  537.5  and  556.0. 


SECTION  3  -  CONSTRUCTION  HISTORY 


3-01.  General .  The  embankment,  outlet  works,  spillway,  and  appurte¬ 
nant  structures  were  constructed  under  two  separate  contracts.  Super¬ 
vision  of  the  project  construction  was  performed  by  the  Corps  of 
Engineers,  Construction  Division,  Fort  Worth  District. 

3-02.  Initial  embankment,  partial  spillway  excavation,  and  outlet  works. 


a.  Under  the  initial  contract  the  embankment  was  constructed  full 
height  from  station  0+00  to  station  26+00.  The  spillway  was  partially 
excavated  to  provide  material  for  the  semi -compacted  embankment  zone, 
and  the  outlet  works  was  completely  constructed  except  for  the  service 
bridge.  Pertinent  details  of  the  initial  contract  are  listed  below: 


(1)  Contract  No  -  DACW63-78-C-0104 


(2)  Contractor  -  Clearwater  Constr.  Co.,  Inc.,  Austin,  TX 


(3)  Contractor's  Bid  -  $6,080,122.95 


(4)  Notice  to  Proceed  -  5  June  1978 


(5)  Actual  Completion  Date  -  20  February  1982 


(6)  Total  Payment  Including  Modifications  -  $7,172,617.00 


b.  Construction  problems. 


(1)  The  main  problems  encountered  on  the  initial  contract 
stemmed  from  the  earthwork  contractor’s  inexperience  in  constructing 
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an  engineered  fill  using  high  plasticity  clays  and  in-place  moisture 
requirements.  Similar  fills  had  been  constructed  on  other  projects 
with  minimal  difficulty,  but  the  initial  embankment  earthwork  contrac¬ 
tor  for  the  Aquilla  Lake  project  had  low  fill  placement  rates  and  had 
to  reprocess  a  significant  amount  of  fill  in  order  to  produce  an  engi¬ 
neered  fill  within  the  moisture  content  limits  required  by  the  con¬ 
tract  documents.  The  Contractor  chose  to  adjust  the  moisture  content 
in  place  on  the  embankment  which  proved  to  be  a  difficult  task  without 
prewetting  in  the  borrow  areas. 

(2)  Moderately  severe  problems  developed  during  excavation 
for  the  outlet  works  conduit  and  tower  foundation.  The  conduit  and 
tower  were  both  founded  very  close  to  top  of  rock  over  most  of  the 
total  length  of  these  elements.  Inadequate  control  of  groundwater  and 
surface  water,  inadequate  grade  control,  inadequate  application  and 
maintenance  of  shale  protection  (on  the  Contractor's  part)  combined 
with  the  inherently  troublesome  clayshale  characteristics  including 
blocky  structure,  extremely  well  developed  fissility  and  rapid  struc¬ 
tural  degradation  when  exposed  led  to  widespread  overexcavation  and 
extensive  hand  cleanup  along  the  outlet  works.  The  overexcavation 
required  a  substantial  volume  of  lean  concrete  backfill  to  reach 
structural  concrete  grade. 

3-03.  Completion  of  embankment  and  spillway  and  construction  of  serv¬ 
ice  bridge,  access  roads,  project  building,  visitor  overlook,  FM  310, 
and  other  appurtenances.  Under  the  completion  contract,  the  embank¬ 

ment  was  constructed  in  phases  as  shown  on  Plate  4.  The  service 


[7] 


bridge  and  project  building  were  also  completed,  and  the  excavation  of 
the  spillway  was  completed.  Pertinent  details  of  the  completion  con¬ 
tract  are  listed  below: 

a.  Contract  No  -  0ACW63-81-C-0035 

b.  Contractor  -  Holloway  Constr.  Co.,  and  Holloway  Sand  and  Gra¬ 
vel  Co.,  Wixom,  MI 

c.  Contractor's  Bid  -  $11,492,320.03 

d.  Notice  to  Proceed  -  4  February  1981 

e.  Actual  Completion  Date  -  16  May  1983 

f.  Total  Payment  Including  Modifications  -  $11,823,263.00 

The  main  problems  that  occurred  during  the  completion  contract  were 
related  to  flooding  problems  during  embankment  closure  operations.  In 
an  effort  to  save  time,  the  contractor  opted  to  accomplish  foundation 
preparation  work  in  the  Aquilla  Creek  channel  area  prior  to  creek 
diversion  and  construction  of  the  upstream  cofferdam.  The  Contractor 
was  allowed  to  do  this  with  the  understanding  that  any  flooding  damage 
would  be  at  his  own  expense.  Flooding  did  occur  and  this  resulted  in 
additional  cleanup  and  foundation  preparation  cost  in  the  closure 
area.  Also  the  Contractor  experienced  flooding  problems  in  low  lying 
areas  which  restricted  his  access  to  higher  elevation  borrow  areas 
upstream.  To  minimize  access  problems  the  Contractor  constructed  a 
large  haul  road  at  elevation  500  which  contained  approximately  100,000 
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cubic  yards  of  fill.  This  was  supposed  to  have  provided  1  year  fre¬ 
quency  flooding  protection.  However,  during  wet  periods  the  haul  road 
was  closed  due  to  inundation  several  times,  thus  preventing  access  to 
upstream  borrow.  The  decision  was  made  that  the  limited  duration  of 
the  flooding  did  not  justify  development  and  reclamation  costs  of  a 
downstream  borrow  area.  Unlike  the  initial  contract  only  minor  pro¬ 
blems  were  encountered  with  fill  placement  rates  and  fill  moisture 
contents.  The  problem  of  nonuniformity  in  fill  moisture  content  of 
the  highly  plastic  clay  was  largely  eliminated  by  prewetting  in  the 
borrow  areas  through  the  use  of  spray  irrigation  equipment. 
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i. 


SECTION  4  -  EMBANKMENT  DESCRIPTION  AND  CONSTRUCTION  METHODS 


4-01.  General .  The  earthfill  embankment  is  essentially  symmetrical 
about  its  centerline  and  consists  of  a  compacted  central  impervious 
core,  compacted  random  zones  adjacent  to  the  core,  and  semi -compacted 
berms  contiguous  to  the  random  zones.  A  select  impervious  zone  or 
"cap"  was  designed  at  the  crest  to  retard  future  problem  with  shallow 
sliding.  Typical  embankment  sections  are  presented  on  Plate  3.  The 
embankment  is  approximately  11,980  feet  long,  has  a  crest  width  of  38 
feet  and  an  approximate  fill  volume  of  7.37  million  cubic  yards.  The 
embankment  height  varies  from  an  average  of  about  60  feet  on  the  right 
abutment,  about  80  feet  in  the  floodplain,  and  about  40  feet  on  the 
left  abutment.  Maximum  height  above  streambed  is  104.5  feet. 

4-02.  Embankment  zoning. 

a.  Impervious  core.  The  central  impervious  core  was  constructed 
of  clay  material  from  on-site  borrow.  A  liquid  limit  greater  than  40 
was  required.  The  material  was  spread  in  8-inch  maximum  loose  lifts, 
processed  to  bring  the  after-compaction  moisture  content  between  opti¬ 
mum  and  optimum  +3  percent,  and  compacted  with  eight  passes  of  a 
sheepsfoot  roller.  The  acceptability  of  in-place  moisture  content  was 
determined  using  the  liquid  limit  correlation  method.  The  liquid 
limit  correlation  method  is  discussed  in  Section  8. 

b.  Random  zone.  The  random  zones  were  constructed  of  clays  and 
clayey  sands  from  on-site  borrow.  No  restraints  on  minimum  or  maximum 
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liquid  limit  were  used  but  highly  pervious  materials  were  not  accept¬ 
able.  The  fill  was  spread  in  8  inch  maximum  loose  lifts,  processed  to 
bring  the  moisture  content  between  -2  to  +3  percentage  points  of  opti¬ 
mum,  and  compacted  with  eight  passes  of  a  sheepsfoot  roller.  The 
acceptability  of  in-place  moisture  content  was  determined  using  the 
liquid  limit  correlation  method. 

c.  Semi -compacted  zone.  The  semi -compacted  zones  were  construc¬ 
ted  using  materials  from  required  excavation.  For  the  initial  con¬ 
tract,  the  main  sources  were  the  partial  spillway  excavation  and  the 
outlet  works  excavation.  Semi -compacted  fill  material  was  spread  in 
10-inch  maximum  loose  lifts,  processed  to  bring  the  moisture  content 
within  limits  of  -2  to  +3  percentage  points  of  optimum,  and  then  com¬ 
pacted  with  two  passes  of  a  50-ton  roller  or  four  passes  of  a  sheeps¬ 
foot  roller.  The  liquid  limit  correlation  method  was  used  to  evaluate 
the  acceptability  of  in-place  moisture  content.  Moisture  limits  for 
semi -compacted  fill,  however,  were  specified  only  for  the  initial 
contract.  For  the  completion  contract,  the  moisture  control  require¬ 
ments  were  removed  from  the  semi -compacted  fill  zones. 

d.  Select  impervious  zone.  The  select  impervious  zone  or  "cap" 
was  constructed  of  CL  materials  obtained  from  on-site  borrow  with 
liquid  limits  ranging  from  30  to  45.  The  select  impervious  cap  was 
designed  to  minimize  the  potential  for  shallow  sliding  on  the  1  ver¬ 
tical  on  3  horizontal  slopes.  The  select-impervious  cap  also  provides 
an  improved  subqrade  for  the  public  roadway  located  along  the  crest  of 
the  dam.  Fill  placing,  orocessing,  and  compaction  requirements  for 
select  impervious  fill  were  the  same  as  for  the  random  fill. 
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e.  Random  rock  zone.  A  random  rock  zone  as  shown  on  Plate  3  was 
constructed  at  the  downstream  toe.  The  random  rock  zone  was  construct¬ 
ed  of  unprocessed  limestone  rock  from  the  spillway  excavation.  The 
random  rock  zone  contains  enough  rock  fines  to  fill  voids  between 
larger  rocks.  The  rock  was  placed  in  loose  lifts  varying  from  12-inches 
to  a  thickness  equal  to  the  maximum  size  stone  and  compacted  with  four 
to  six  passes  (depending  on  lift  thickness)  of  a  50-ton  pneumatic 
roller.  The  random  rock  zone  was  covered  with  42  inches  of  fines  from 
the  processing  of  stone  protection  materials,  and  then  subsequently 
topsoi led. 

f.  Stone  protection.  A  12-inch  thick  layer  of  stone  protection 
material  was  placed  on  the  upstream  1  vertical  on  3  horizontal  slope 
and  a  36-inch  thick  layer  of  stone  protection  material  was  placed  on 
the  downstream  1  vertical  on  4  horizontal  slope  as  shown  on  Plate  3. 
Stone  protection  materials  were  produced  from  limestone  from  the  spill¬ 
way  excavation.  Limestone  materials  were  passed  over  a  vibratory  bar 
grizzley  with  bars  spread  4  inches  apart.  The  materials  were  then 
passed  through  a  rock  crusher  with  jaws  set  to  crush  rocks  greater 
than  12  inches.  Lastly,  material  was  passed  over  another  vibrating 
bar  grizzley  to  remove  fines  smaller  than  2  inches. 

4-03.  Embankment  fill  sources.  Embankment  fill  other  than  that  re¬ 
quired  for  the  semi -compacted  zone  came  from  on-site  borrow  areas. 
Borrow  areas  were  investigated  with  auger  borings  during  the  project 
design  phase  to  determine  the  type  and  quantity  of  overburden  soils 
present.  The  locations  of  borrow  areas  are  shown  on  Plate  1.  Borrow 
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areas  were  located  in  cleared  fields  and  pastures.  Borrow  areas  A,  B, 
C,  0,  and  E  were  located  upstream  of  the  embankment  in  the  floodplain 
and  alluvial  terraces  of  Hackberry  and  Aquilla  Creek.  Borrow  area  G 
was  located  downstream  from  the  embankment.  Borrow  area  G  was  intend¬ 
ed  for  use  in  the  event  that  upstream  borrow  area  became  flooded  or 
inaccessible  due  to  flooding.  During  construction,  borrow  materials 
were  obtained  only  from  borrow  areas  A,  B,  and  C.  Borrow  areas  D  and 
E  and  the  downstream  borrow  area  G  were  not  utilized.  Fill  material 
for  the  semi -compacted  zone  came  from  required  excavation.  For  con¬ 
struction  of  the  initial  embankment,  semi -compacted  fill  material  was 
obtained  from  the  outlet  works  and  partial  spillway  excavation.  For 
the  completion  contract  the  source  of  semi -compacted  fill  was  from  the 
completion  of  the  spillway  excavation. 

4-04.  Closure  plan.  Embankment  closure  was  made  from  station  46+80 
to  about  station  54+50.  Plates  4  and  5  show  a  view  of  the  closure 
area  and  construction  staging. 

a.  Diversion  channel.  Diversion  was  made  through  Aquilla  Creek 
during  construction  of  the  embankment  sections  adjacent  to  the  closure 
section.  The  creek  channel  was  cleared  to  provide  unobstructed  flow 
along  the  natural  channel  alignment. 

b.  Channel  plugs.  Three  channel  plugs  were  constructed  in  the 
closure  area  as  shown  on  Plate  5.  One  plug  was  constructed  upstream 
from  the  closure  section  in  the  Aquilla  Creek  channel  to  permit  diver¬ 
sion  dike  construction.  The  two  remaining  plugs  were  constructed 
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downstream  from  the  closure  area  in  an  old  and  in  the  existing  creek 
channel.  All  plugs  were  constructed  to  existing  channel  bank  eleva¬ 
tion.  The  plugs  had  crest  widths  of  20  feet,  1  vertical  on  4  horizon¬ 
tal  sideslopes  and  were  constructed  from  clay.  The  channel  was 
backfilled  to  bank  elevation  with  semi -compacted  fill  materials  be¬ 
tween  the  embankment  and  the  channel  plugs. 

c.  Diversion  dike.  An  upstream  portion  of  the  permanent  embank¬ 
ment  in  the  closure  section  served  as  a  diversion  dike  during  upstream 
cofferdam  construction.  The  dike  section  was  constructed  to  elevation 
517.0  with  a  cest  width  of  20  feet  and  symmetrical  1  vertical  on  4 
horizontal  side  slopes.  The  dike  was  constructed  as  a  semi -compacted 
fill  using  clays  from  borrow. 

d.  Upstream  cofferdam.  The  upstream  cofferdam  was  constructed  as 
an  integral  part  of  the  permanent  embankment  section.  The  upstream 
cofferdam,  which  incorporated  the  diversion  dike,  was  built  to  eleva¬ 
tion  537.0  with  a  crest  width  of  20  feet.  The  upstream  slope  was  as 
given  for  the  finished  embankment  and  the  downstream  slope  was  1  ver¬ 
tical  on  4  horizontal.  The  cofferdam  was  constructed  as  compacted 
random  fill  and  semi -compacted  fill  using  clays  from  borrow.  The 
upstream  cofferdam  had  a  projected  frequency  of  overtopping  of  once 
every  10  years. 

e.  Downstream  cofferdam.  The  downstream  cofferdam  consisted  of  a 
semi -compacted  fill  constructed  to  elevation  498  to  prevent  water  from 
backing  into  the  closure  area.  The  cofferdam  had  a  crest  width  of  20 


[143 


feet,  1  vertical  on  4  horizontal  side  slopes,  and  was  incorporated 
into  the  downstream  portion  of  the  embankment. 

4-05.  Compaction  equipment.  The  specifications  governing  compaction 
equipment  for  the  project  were  based  on  the  Civil  Works  Construction 
Guide  Specification  CW-02212,  dated  February  1976.  Compaction  equip¬ 
ment  used  for  the  job  was  primarily  sheepsfoot  rollers  and  rubber 
tired  rollers.  For  all  of  the  embankment  zones,  except  the  semi- 
compacted  zone,  the  material  that  was  compacted  consisted  mostly  of 
overburden  clays  and  clayey  sands.  For  these  types  of  material, 

sheepsfoot  rollers  provide  the  best  results  in  terms  of  uniformity  of 
compaction  and  bonding  between  lifts.  The  use  of  rubber  tired  rollers 
was  specified  as  acceptable  only  in  the  semi -compacted  zones.  However, 
compaction  using  a  sheepsfoot  roller  was  allowed  for  the  semi -compacted 
fill  zone  with  the  stipulation  that  the  number  of  roller  passes  be 
doubled  and  that  the  uncompacted  lift  thickness  be  reduced  from  10- 
inches  to  8-inches.  Compaction  equipment  used  during  the  initial  and 
completion  embankment  construction  is  described  below: 

a.  Compaction  equipment  for  initial  embankment  contract. 

(1)  Sheepsfoot  roller-towed 

(a)  Ferguson,  Model  Z32 

(b)  Two  (2)  5  ft  diameter  X  6  ft  long  drums 

(c)  Seven  (7)  rows  of  feet,  3  or  4  feet  per  row  and  25 
feet  per  drum;  9.5  in  shank  and  tip,  round  shape;  9.5  sq  in  end  area. 


(e)  Speed  not  greater  than  5  mph 


b.  Compaction  equipment  for  completion  contract. 

(1)  Sheepsfoot  roller-towed 

(a)  Southwest  triple  drum 

(b)  Three  (3)  5  ft  diameter  X  6  ft  long  drums 

(c)  Seventy-two  (72)  rows  of  feet  per  drum;  2  feet  per 
row,  144  feet  per  drum;  10  in  shank  and  cap,  round  shape;  9.0  sg  in 
end  area 


(d)  Total  weight  empty  -  61,000  lbs;  Ballasted  with 
water,  wei qht-77 ,000  lbs;  Pressure  per  linear  foot  of  drum  -  4,277  lbs 

(e)  Oscillating  frame;  speed  not  greater  than  5  mph, 
spring  loaded  cleaners 

(2)  Sheepsfoot  roller-self  propelled 

(a)  Ferguson,  Model  SP-120-D 

(b)  Two  (2)  5  ft  diameter  X  5  ft  long  drums 

(c)  Sixty  (60)  rows  per  drum,  9.5  in  shank  and  cap, 
round  shape,  9.5  sq  in  end  area 

(d)  Total  weight  empty  -  34,000  lbs;  Ballasted  with 
diesel  fuel;  ballasted  weight-44,500  lbs;  Pressure  per  lineal  foot  of 
drum-4,450  lbs 


[17] 


(e)  Oscillating  frame,  speed  not  greater  than  5  mph, 
spring  loaded  cleaners,  front  and  rear 

(3)  Rubber-tired  roller 

(a)  American  Model  4  BW  50-ton  roller 

(b)  One  box,  rolling  width  -  S  ft  lll£  in,  overall  width 
9  ft  5l£  in,  length  -  25  ft  8  in. 

(c)  Four  (4)  18.00  X  25  -  24  ply  tires 

(d)  Weight  empty  -  19,500  lbs;  Ballasted  with  sand; 
ballasted  weight-100,000  lbs;  Tire  pressure  -  90  psi,  25,000  lbs  per 
tire. 
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SECTION  5  -  GEOLOGY 


5-01.  Regional  Geology. 

a.  Physiography.  The  project  area  is  located  in  the  Eastern 
Cross  Timbers  physiographic  province.  A  small  portion  of  the  eastern 
and  western  limits  of  the  project  area  extend  into  the  Black  Prairie 
and  Grand  Prairie  provinces,  respectively.  The  area  topography  gener¬ 
ally  reflects  the  eastward  dipping  strata  of  the  Lower  and  Upper  Cre¬ 
taceous  formations. 

b.  Stratigraphy.  The  project  area  is  underlain,  in  ascending 
order,  by  the  Georgetown,  Oel  Rio,  and  Buda  Formations  of  the  Lower 
Cretaceous,  Comanche  Series,  and  by  the  Woodbine  Formation  and  Eagle 
Ford  Group  of  the  Upper  Cretaceous  Gulf  Series.  The  Georgetown  For¬ 
mation  is  an  argillaceous  limestone  approximately  190  feet  thick  that 
does  not  crop  out  in  the  project  area.  The  Del  Rio  Formation  crops 
out  in  the  highlands  west  of  the  project.  It  is  a  massive  calcareous 
clay  shale,  ranging  from  60  to  80  feet  in  thickness,  that  contains 
thin  limestone  seams.  The  Buda  Formation,  not  recognized  at  the  proj¬ 
ect  site,  is  a  thin,  discontinous  limestone  remnant  ranging  from  a  few 
inches  to  5  feet  in  thickness  that  unconformably  overlies  the  Del  Rio 
Formation.  The  Woodbine  Formation,  in  turn,  unconformably  overlies 
the  Buda  or  Del  Rio  Formations.  The  Woodbine  consists  of  interbedded 
variably  cemented,  fine-grained  sandstones  and  black,  soft,  non-cal- 
careous  clay  shales  that  together  reach  a  maximum  thickness  of  125 
feet  and  constitutes  bedrock  along  the  entire  length  of  Aquilla  Creek. 


The  Eagle  Ford  Group  unconformably  overlies  the  Woodbine  Formation  and 
is  composed  of  shales  containing  a  few  thin  limestone  beds  above  its 
contact  with  the  Woodbine.  It  constitutes  the  bedrock  of  the  upper 
eastern  slopes  of  the  Aquilla  Creek  valley  at  the  dam  and  much  of  the 
valley  of  Hackberry  Creek.  Its  maximum  thickness  is  approximately 
220  feet. 


c.  Structure.  The  primary  structural  feature  is  a  regional  dip 
of  the  bedrock  of  35  to  40  feet  per  mile  to  the  east-southeast,  modi¬ 
fied  by  the  north-northeast  trending  Balcones  fault  system,  which  is 
located  approximately  9  miles  east  of  the  dam.  Minor  faulting  with 
small  displacements  have  been  noted  in  the  Aquilla  Creek  valley  near 
its  confluence  with  the  Brazos  River. 

5-02.  Site  geology. 

a.  Physiography.  Aquilla  Creek  meanders  across  a  fairly  broad 
floodplain  embraced  by  fairly  steep  valley  walls.  The  valley  wall 
rises  abruptly  for  about  30  feet  from  the  flood  plain  on  the  right 
abutment,  then  rises  again  in  moderately  steep  slopes  from  approxi¬ 
mately  station  10+60  to  the  top  of  the  abutment.  At  the  left  abutment 
the  valley  wall  rises  more  gently  and  is  controlled  by  a  relatively 
thick,  flat  terrace  remnant  that  extends  for  2,400  feet  eastwardly. 
Beyond  this  area,  the  surface  rises  to  a  low,  knoll-like  hill,  follow¬ 
ed  by  a  narrow  saddle,  then  a  gently  rising  slope  to  the  top  of  the 
abutment  at  the  spillway  (Plates  6  and  7). 
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b.  Stratigraphy. 


(1)  Overburden.  The  right  abutment  is  mantled  by  residual 
and  slope-wash  material  on  its  upper  and  middle  slopes  and  in  its  tri¬ 
butary  drainages.  This  material  consists  of  sandy  clay  from  3  to  10 
feet  thick  that  is  occasionally  underlain  by  clayey  sand  and  sandy, 
clayey  gravel.  The  floodplain  is  comprised  of  alluvial  deposits  that 
reach  a  maximum  thickness  of  37  feet.  These  deposits  consist  of  an 
impervious  lean  clay  blanket  of  an  average  thickness  of  16  feet  under¬ 
lain  by  a  clayey  sand.  In  some  areas  the  clayey  sand  is  underlain  by 
a  basal  gravel.  A  terrace  remnant  approximately  50  feet  thick  extends 
from  stations  57+00  to  93+00.  This  deposit  consists  of  silty  sand, 
sandy  clay,  and  clayey,  sandy  gravel  overlain  by  an  uppermost  sandy 
clay  that  ranges  from  1  to  23  feet  in  thickness.  The  left  abutment  is 
mantled  on  its  upper  slopes  by  approximately  2  to  8  feet  of  residual 
and  slope  wash  material  consisting  principally  of  sandy  clay. 

(2)  Primary  strata.  In  ascending  order,  the  Del  Rio,  Wood¬ 
bine,  and  Eagle  Ford  Formations  occur  at  the  site  and  are  involved  in 
the  structure  foundations  (Plates  6  through  10). 

(a)  Del  Rio  Formation.  The  Del  Rio  Formation  consists 
of  a  soft  to  moderately  hard,  calcareous,  gray  to  greenish-gray, 
massively  bedded  clay  shale  ranging  from  70  to  80  feet  thick  at  the 
damsite.  Scattered  thin  stringers  of  very  calcareous  shale  and 
argillaceous  limestone  occur  through  the  entire  section,  but  these 
generally  increase  in  abundance  downward  through  the  lower  half  of  the 
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formation.  On  the  left  abutment,  where  the  greatest  thickness  is  pre¬ 
sent,  the  Del  Rio  contains  a  few  thin  argillaceous  limestone  beds  in 
the  upper  10  feet. 

(b)  Woodbine  Formation.  The  Woodbine  Formation  consti¬ 
tutes  the  primary  foundation  of  the  dam  and  its  appurtenant  structures. 
The  Woodbine  is  a  soft,  non-calcareous,  montmorillonite-type  clay 
shale.  The  upper  portion  of  the  formation  is  characterized  by  a  sand¬ 
stone  unit,  while  the  middle  and  lower  portions  are  clay  shale  con¬ 
taining  a  number  of  variably  sandy  shale  units,  some  of  which  grade 
laterally  into  sandstone  and  a  few  thin  sandstone  beds.  A  15-foot 
thick  basal  member  of  massive  sandstone  is  present  in  the  right  abut¬ 
ment  to  station  44+00  (Plate  6).  From  stations  44+00  to  58+00,  imme¬ 
diately  beneath  the  present  Aquilla  Creek  channel  and  its  left  bank, 
the  Woodbine  was  deposited  as  a  channel  fill  in  the  eroded  surface  of 
the  Del  Rio,  which  is  now  sandy  shale  (Plate  6).  East  of  station 
58+00,  the  base  of  the  Woodbine  is  characterized  by  1  to  3  feet  of 
sandy  shale.  Overlying  these  basal  members  of  the  Woodbine  east  and 
west  of  Aquilla  Creek  is  an  11-foot  thick  clay  shale  interval  that  is 
essentially  devoid  of  sand  or  other  modifying  constituents.  In  this 
stratigraphic  unit  the  shale  is  soft,  si ickensided,  and  has  a  higher 
void  ratio  than  most  other  Woodbine  clay  shale  sections.  Above  this 
clay  shale  interval  the  Woodbine  shale  contains  soft  sandstone  seams, 
seams  of  clay-ironstone  nodules  and  lenses,  a  few  sandy  limestone 
seams,  and  thin  discontinuous  sandy  silt  laminae  and  seams  scattered 
throughout  the  clay  shale  section.  The  thick  upper  sandstone  unit  of 
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the  Woodbine,  which  overlies  the  clay  shale,  is  present  only  on  the 
left  abutment,  and  varies  from  16  to  25  feet  in  thickness  (Plate  7). 
The  sandstone  beds  of  the  Woodbine  vary  widely  in  hardness  ranging 
from  hard  to  dense  sand.  Many  of  the  sandstone  beds  are  shaly.  A  few 
of  the  sandstone  units,  particularly  the  basal  unit,  contain  sandy 
limestone  which  borders  on  very  calcareous  sandstone. 

(c)  Eagle  Ford  Group.  The  Eagle  Ford  Group  is  present 
only  on  the  left  abutment  in  the  area  of  the  spillway.  (Plate  10)  It 
is  composed  of  soft  calcareous  shale  with  a  few  persistent,  thin 
limestone  beds  and  a  few  calcareous,  sandstone  streaks  scattered 
through  the  section.  Its  contact  with  the  underlying  Woodbine  is  at 
the  base  of  a  thin  limestone  bed. 

c.  Structure.  The  primary  structural  feature  at  the  damsite  is 
the  regional  dip  (35  to  40  feet  per  mile  to  the  east-southeast)  of  the 
foundation  strata.  Although  minor  faulting  was  anticipated  to  be  pre¬ 
sent  at  the  site,  no  faulting  was  identified  during  exploration  or 
construction.  A  significant  number  of  fractures  were  noted,  primarily 
in  the  11-foot  section  of  soft  Woodbine  shale.  A  majority  of  these 
fractures  are  si ickensided.  They  appear  to  be  a  product  of  unloading 
rather  than  orogenic  movement,  and  were  taken  into  account  during 
design  and  construction  of  the  project. 

d.  Groundwater,  Pre-construction.  Groundwater  conditions  in  the 
right  abutment  are  essentially  controlled  by  weathering  of  primary 
material  and  by  the  basal  sandstone  member  of  the  Woodbine  Formation. 
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These  conditions  cause  two  water  tables  to  be  present,  one  being  a 
perched  water  table  near  the  base  of  weathering,  and  the  other  being 
the  static  water  table  within  the  basal  sandstone  (Plate  6).  This 
static  water  table  exists  2  to  8  feet  higher  than  the  water  table  of 
the  flood  plain,  whose  level  closely  conforms  with  that  of  Aquilla 
Creek.  No  perched  water  table  conditions  exist  in  the  left  abutment. 
There  the  static  water  table  generally  conforms  with  the  topography 
varying  from  21  to  30  feet  beneath  the  ground  surface  (Plate  7). 
Groundwater  present  in  thick  stream  terrace  deposits  to  the  east  of 
Aquilla  Creek  make  it  highly  probable  that  portions  of  the  left  bank 
of  the  outlet  discharge  channel  will  suffer  seepage  and  soft  condi¬ 
tions  through  the  life  of  the  project,  possibly  causing  maintenance 
problems  downstream  from  the  training  walls  (Plate  9). 

e.  Groundwater,  Post-construction.  No  groundwater  observation 
wells  have  as  yet  been  installed  at  the  project  to  monitor  post-con¬ 
struction  groundwater  conditions. 
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SECTION  6  -  FOUNDATION  CONDITIONS 


6-01.  General .  The  embankment  is  founded  on  residual  and  alluvial 
overburden  overlying  the  clay  shales  of  the  Woodbine  and  Del  Rio  For¬ 
mations  as  shown  on  Plates  11  and  12.  The  outlet  works  is  founded  on 
clay  shales  and  sandstones  of  the  Woodbine  Formation.  The  spillway 
was  excavated  into  residual  overburden  and  the  primary  strata  of  the 
Eagle  Ford  and  Woodbine  Formations. 

6-02.  Exploration  program.  Subsurface  investigation  at  the  Aquilla 
damsite  occurred  in  several  stages.  The  first  borings  made  for  site 
exploration  in  the  general  vicinity  of  the  dam  were  drilled  in  1940 
and  1964.  The  first  borings  drilled  at  the  actual  damsite,  however, 
were  made  in  1972.  Four  core  borings  and  one  auger  boring  were  made 
along  the  axis  of  the  dam.  Additionally,  one  core  boring  was  made 
near  the  centerline  of  the  spillway  location.  Most  of  the  1972  borings 
were  electrically  logged  for  correlation  and  stratigraphic  interpreta¬ 
tion.  The  d  tails  of  the  1972  borings  appear  in  Design  Memorandum  No. 
3,  Phase  I  -  Plan  Formulation.  During  1973  and  1974  additional  borings 
were  made  at  the  damsite  as  follows:  Four  Auger  borings,  26  core 
borings,  and  1  fishtail  boring  were  made.  All  the  borings  were  like 
the  earlier  borings,  "E-logged."  This  set  of  borings  is  detailed  in 
Design  Memorandum  No.  3,  Phase  II  -  Project  Design.  The  final  stage 
of  pre-construction  field  investigation  occurred  during  1975.  The 
borings  of  1975  are  detailed  in  Design  Memorandum  No.  7,  Embankment, 
Spillway,  and  Outlet  Works.  The  1975  borings  can  be  broken  down  as 
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follows:  17  were  auger  borings,  13  were  core  borings,  and  5  were 
fishtail  borings.  Electric  logs  were  run  in  most  of  the  borings. 
Additional  stratigraphic  data  was  obtained  during  construction  from 
geological  maps  made  of  the  inspection/cutoff  trench  under  the  axis  of 
the  dam  and  also  from  materials  logged  during  drilling  of  borings  for 
installation  of  piezometers  and  slope  indicators. 

6-03.  Embankment  foundation.  The  embankment  foundation  can  be  con¬ 
veniently  divided  into  four  reaches  consisting  of  1)  the  right  abut¬ 
ment,  2)  the  floodplain,  3)  the  left  abutment,  and  4)  the  extreme 
left  abutment.  The  main  difference  in  the  reaches  is  in  thickness  and 
type  of  both  overburden  and  primary  strata.  The  primary  strata,  con¬ 
sisting  of  Woodbine  and  Del  Rio  clay  shales,  have  different  engineer¬ 
ing  properties.  The  Woodbine,  varies  in  thickness  and  material  type 
across  the  site.  In  contrast,  the  Del  Rio  which  underlies  the 
Woodbine  to  significant  depth  (average  of  70  feet)  has  relatively  uni¬ 
form  material  properties. 

a.  Right  abutment.  The  right  abutment  soil  strata  from  station 
0+00  to  station  42+80,  consist  of  a  relatively  thin  veneer  of  overbur¬ 
den  overlying  primary  clay  shales  (Plate  11).  The  strata  in  the  reach 
from  station  53+20  to  station  60+35  are  very  similar  to  the  right 
abutment  strata  and  are  included  with  the  right  abutment  for  descrip¬ 
tion  and  design  purposes.  The  groundwater  in  the  right  abutment  foun¬ 
dation  varied  from  about  21  to  54  feet  below  the  ground  surface  at  the 
time  the  borings  were  made. 
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(1)  Overburden.  The  overburden  ranges  in  thickness  from  1  to 
11  feet  and  varies  from  clayey  gravel  and  sand  to  high  plasticity  clay. 

(2)  Primary.  The  primary  strata  immediately  underlying  the 
overburden  consists  predominantly  of  non-calcareous  sandy  to  waxy 
Woodbine  clay  shale  varying  in  thickness  from  about  33  to  75  feet. 
These  materials  are  weathered  to  a  depth  varying  from  5  to  41  feet 
below  top  of  primary.  More  signif icantly,  three  persistent,  slicken- 
sided  zones  of  waxy  clay  shale  are  present  at  various  depths  through¬ 
out  the  right  abutment  foundation.  A  sandstone  layer  varying  from  9 
to  15  feet  thick  is  present  near  the  base  of  the  Woodbine  from  station 
0+00  to  station  42+80.  The  Del  Rio  formation  underlies  the  Woodbine 
and  consists  of  intact  calcareous  shale  with  shaly  limestone  zones. 

b.  Floodplain.  The  floodolain  strata  (Plate  11)  from  about  sta¬ 
tion  42+80  to  station  53+20,  consist  of  a  relatively  thick  layer  of 
alluvial  overburden  overlying  primary  shales.  The  groundwater  table 
in  the  floodplain  was  encountered  from  13  to  28  feet  below  the  ground 
surface. 


(1)  Overburden.  The  overburden  ranges  from  high  plasticity 
clay  and  low  plasticity  sandy  clay  in  the  upper  15  feet  to  interbedded 
sandy  clay,  sandy  gravel,  and  clayey  sand  below  15  feet.  The  overbur¬ 
den  is  from  11  to  36  feet  thick. 

(2)  Primary.  The  Woodbine  and  Del  Rio  Formations  are  the 
primary  strata  of  engineering  importance  in  the  floodplain.  The  Wood¬ 
bine  consists  of  a  relatively  thin  wedge  of  unweathered,  intact,  sandy 
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clay  shale  with  occasional  sandstone  and  limestone  layers.  The  Wood¬ 
bine  generally  varies  in  thickness  from  1  foot  to  12  feet,  increasing 
in  thickness  toward  the  left  abutment.  Geologic  interpretation  of 
E-log  of  boring  3F-31  indicates  that  the  Woodbine  may  increase  sharply 
to  a  thickness  of  about  42  feet  at  station  53+20  as  the  section 
approaches  the  left  abutment.  The  Del  Rio  underlies  the  Woodbine,  as 
previously  described. 

c.  Left  abutment.  Left  abutment  soil  strata,  from  about  station 
60+35  to  station  93+20,  consist  of  an  alluvial  terrace  deposit  over- 
lying  shales.  The  groundwater  table  varies  from  19  to  39  feet  below 
the  ground  surface  in  the  left  abutment. 

(1)  Overburden.  The  overburden  soils  generally  range  from 
low  to  high  plasticity  sandy  clay  in  the  upper  10  to  20  feet  to  inter- 
bedded,  clayey  sands  and  gravel  deeper  in  the  section.  The  overburden 
varies  in  thickness  from  53  feet  at  station  72+00  to  4  feet  at  station 
93+20. 

(2)  Primary.  The  primary  strata  immediately  beneath  the 
overburden  consist  of  weathered  to  unweathered  Woodbine  with  sandstone 
and  limestone  layers.  Near  the  base  of  the  Woodbine  there  are  two 
waxy  clay  shale  zones  which  contain  scattered  low-angle  si ickensides. 
Two  additional,  poorly  defined  zones  of  slickensided  clay  shale  are 
present  higher  in  the  section  from  station  86+00  to  station  93+20. 
Weathering  in  this  reach  is  limited  to  a  thin  layer  immediately  be¬ 
neath  the  overburden,  except  from  about  station  83+00  to  station  93+20 
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where  it  extends  to  a  maximum  of  about  28  feet  below  the  top  of  pri¬ 
mary. 


d.  Extreme  left  abutment.  The  soil  strata  on  the  extreme  left 
abutment,  from  station  93+20  to  about  station  118+90,  consist  of  a 
thin  veneer  of  residual  overburden  overlying  primary  strata.  The 
groundwater  table  in  this  reach  varies  from  about  7  to  25  feet  below 
the  ground  surface. 

(1)  Overburden.  The  overburden  soils  consist  of  2  to  6  feet 
of  low  to  high  plasticity  clays  and  silty  and  clayey  sands. 

(2)  Primary.  The  Woodbine  underlies  the  overburden  to  depths 
greater  than  90  feet  in  this  reach.  A  weathered  to  unweathered  Wood¬ 
bine  sandstone  layer  up  to  29  feet  thick  is  present  immediately  be¬ 
neath  the  overburden.  The  sandstone  is  underlain  by  unweathered  clay 
shale  containing  sandstone  and  thin  limestone  layers. 

6-04.  Outlet  works  foundation.  The  outlet  works  structures  is  found¬ 
ed  on  the  unweathered  clay  shales  of  the  Woodbine  formation  (Plate  11) 

a.  Intake  tower  foundation.  The  intake  tower  is  founded  on  un¬ 
weathered  Woodbine  clay  shale  at  about  elevation  499.  Two  zones  of 
waxy,  slickensided  clay  shale  are  present  below  the  base  of  the  tower; 
the  first,  about  6  feet  thick,  is  located  about  4  feet  below  the  tower 
base,  and  the  second,  about  12  feet  thick,  is  located  about  18  feet 
below  the  tower  base.  The  remaining  clay  shales  are  intact  and  con¬ 
tain  sandstone  layers  of  varying  thickness  and  hardness. 
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b.  Conduit.  The  cut-and-cover  conduit  was  founded  in  the  Wood¬ 


bine  throughout  its  length. 

c.  Stilling  basin  and  chute.  The  stilling  basin  and  chute  are 
founded  directly  on  the  Woodbine.  The  foundation  for  these  struc¬ 
tures  is  similar  to  that  of  the  outlet  works  tower  except  that  the 
waxy  slickensided  zones  are  present  at  a  lower  elevation  at  the  still¬ 
ing  basin.  The  chute  slope  was  cut  through  an  upper  slickensided  zone 
and  the  stilling  basin  slab  was  founded  on  a  lower  slickensided  zone. 

d.  Approach  and  discharge  channels.  Excavation  for  the  approach 
channel  cut  through  a  maximum  of  about  34  feet  of  overburden  and  about 
7  feet  of  Woodbine.  Excavation  for  the  discharge  channel  cut  through 
a  maximum  of  19  feet  of  overburden  materials  and  about  23  feet  of 
Woodbine.  Maximum  depth  of  cut  was  about  41  feet  for  the  approach  and 
54  feet  for  the  discharge  channel. 

6-05.  Spillway  excavation.  The  spillway  was  excavated  through  over¬ 
burden  and  weathered  primary  strata  of  the  Eagle  Ford  and  Woodbine 
formations  (Plate  12).  The  overburden  materials  consisted  generally 
of  low  to  moderately  high  plasticity  sandy  clay  and  clayey  sand.  The 
primary  materials  consisted  predomi nantly  of  moderately  to  highly 
weathered  shale  and  sandstone. 
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SECTION  7  -  EMBANKMENT  DESIGN 


7-01.  Design  considerations.  Embankment  sections,  shown  on  Plate  3, 
were  designed  to  safely  and  economically  accommodate  the  previously 
described  foundation  reaches.  Foundation  conditions  existing  in  the 
right  abutment,  floodplain,  left  abutment  and  extreme  left  abutment 
were  described  in  Section  VI. 

a.  Design  factors.  The  following  design  factors  were  considered 
applicable  to  all  embankment  reaches: 

(1)  High  excess  pore  pressures  similar  to  those  encountered 
at  Waco  Dam  were  likely  to  develop  in  the  Woodbine  clay  shales  at 
Aquilla  Oam.  These  pore  pressures  might  be  transmitted  undiminished 
along  si ickensides,  fractures,  pervious  bedding  planes  and  formational 
contacts  as  occurred  at  Waco  Dam.  Also,  low  shear  strengths  approach¬ 
ing  residual  conditions  were  anticipated  in  the  Woodbine  clay  shale 
due  to  its  slickensided  nature. 

(2)  A  select  impervious  cap  was  provided  on  the  embankment 
crest  and  the  1  vertical  on  3  horizontal  slopes.  This  cap  was  design¬ 
ed  to  limit  surface  cracking  due  to  drying  and  to  prevent  surface 
water  infiltration  into  the  upper  slopes  of  the  embankment.  These 
properties  should  limit  surface  sloughing  on  the  upper  slopes  during 
extended  wet  periods. 

(3)  The  impervious,  select  impervious,  and  random  fill  mate¬ 
rials  came  from  borrow  areas. 
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(4)  Practically  all  materials  from  required  excavation  were 
used  in  the  semi -compacted  zones. 

(5)  An  inspection  trench  was  provided  at  the  embankment  cen¬ 
terline. 

b.  Right  abutment.  The  right  abutment  embankment  was  designed 
based  on  the  following  factors: 

(1)  Embankment  design  for  the  right  abutment  was  controlled 
by  the  engineering  prooerties  of  the  Woodbine  clay  shales.  Similar 
material  was  encountered  at  Waco  Dam  wherein  a  foundation  slide  oc¬ 
curred  through  the  Woodbine  during  embankment  construction.  Analysis 
of  the  Waco  Dam  slide  indicates  that  the  shear  strength  of  the  Wood¬ 
bine  clay  shale  can  be  low  and  considerably  less  than  indicated  by 
peak  laboratory  strengths  of  intact  material. 

(2)  The  right  abutment  section  was  designed  to  resist  80  per¬ 
cent  excess  pore  pressure  in  the  foundation  assuming  a  factor  of  safety 
slightly  greater  than  unity  for  a  failure  through  the  slickensided 
clay  shale  and  assuming  the  mobilized  shear  strength  was  that  of  low 
but  somewhat  higher  than  residual  conditions. 

(3)  The  embankment  section  shown  for  the  right  abutment  was 
also  used  in  the  reach  from  station  53+20  to  station  58+35  due  to 
similar  foundation  conditions. 

c.  Floodplain  and  left  abutment.  Floodplain  and  left  abutment 
designs  were  controlled  by  the  shear  strength  of  thick  overburden 
strata  overlying  the  Woodbine  clay  shale. 
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d.  Outlet  works.  The  embankment  slopes  over  the  outlet  works 
were  designed  to  be  flatter  than  the  remainder  of  the  left  abutment 
embankment.  This  was  done  due  to  the  sensitivity  of  the  outlet  works 
structures  to  movement,  particularly  lateral  spreading  under  embank¬ 
ment  load  and  the  increased  potential  for  such  to  develop  due  to  the 
weak,  slickensided  clay  shale  beneath  these  structures.  Additionally, 
the  outlet  works  conduit  was  extended  well  beyond  the  embankment  toes 
to  accommodate  flatter  slopes  in  the  event  that  as-designed  embankment 
slopes  above  the  conduit  had  to  be  flattened  should  spreading  initiate. 

e.  Extreme  left  abutment.  The  embankment  on  the  extreme  left 
abutment  was  designed  with  relatively  steep  slopes.  The  embankment 
averaged  about  14  feet  high  in  this  reach  and  was  founded  on  a  thin 
overburden  layer  overlying  sandstone. 

f.  Embankment  design  and  construction  economy.  The  following 
design  considerations  resulting  in  construction  economy  were  incor¬ 
porated  in  the  embankment  with  little  or  no  loss  in  safety: 

(1)  Minimize  the  size  of  the  impervious  fill  zone  and  thus 
minimize  the  amount  of  material  subject  to  close  moisture  control. 

(2)  Minimize  compactive  effort  in  the  berms  by  reducing  the 
specified  effort  to  two  passes  of  a  pneumatic  roller  on  a  10-inch  lift 
with  the  same  moisture  control  as  the  random  fill.  On  the  completion 
contract  the  moisture  control  was  totally  removed  from  the  semi-com- 
pacted  fill.  The  only  requirement  was  that  the  materials  shall  neither 
be  sloppy-wet  nor  crusted-dry. 


[33] 


(3)  Essentially  all  semi -compacted  fill  used  in  the  embank¬ 
ment  and  berms  was  from  required  excavation.  This  eliminated  any 
waste  of  required  excavation  materials  and  therefore  saved  the  cost  of 
borrow  excavation  to  obtain  materials  for  semi -compacted  fill. 

(4)  Upstream  riprap  protection  was  not  used  except  on  the 
upper  1  vertical  on  3  horizontal  slope  above  elevation  574.5  where  a 
12  inch  layer  of  stone  protection  was  placed.  The  slope  below  eleva¬ 
tion  564.5  varies  from  1  vertical  on  8  horizontal  to  1  on  12.  Experi¬ 
ence  has  shown  that  flat  slopes,  particularly  in  cohesive  material, 
need  not  be  riprapped.  Embankment  stone  protection  was  obtained  on 
site  by  selective  excavation,  stockpiling  and  processing  of  limestone 
ledge  rock  from  required  spillway  excavation  rather  than  much  more 
costly  commercially  produced  riprap  materials.  Processing  of  stock¬ 
piled  rock  from  the  spillway  excavation  was  described  previously  in 
para  4-02  f.  Similarly,  an  erosion  resistant  random  rock  zone,  con¬ 
sisting  of  unprocessed  excess  rock  materials  from  required  excavation, 
was  placed  in  the  downstream  toe  of  the  floodplain  embankment  to 
replace  a  riprap  band  required  by  earlier  designs. 

(5)  Downstream  inclined  and  horizontal  drainage  blankets  fall 
in  the  same  economy  category  as  does  riprap.  Experience  and  theory 
both  show  that  drainage  blankets  are  not  needed  in  clay  fill  embank¬ 
ments  with  long  flat  berms  similar  to  Aquilla.  Consequently,  these 
were  not  included  in  the  Aquilla  embankment. 

(6)  The  diversion  dike  and  cofferdams  were  incorporated  into 
the  closure  section,  thus  eliminating  additional  fill  for  these  struc¬ 
tures. 
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7-02.  Laboratory  testing.  Laboratory  testing  was  performed  during 
the  design  stage  on  samples  from  the  embankment  foundation,  outlet 
works  foundation,  spillway  and  borrow  areas.  The  overburden  materials 
in  the  floodplain  area,  the  embankment,  and  the  left  abutment  consists 
primarily  of  sandy  clay  and  clayey  sand.  Shear  strength  tests  (Q,  R, 
and  S  triaxial)  and  consolidation  tests  were  performed  on  samples 
from  the  overburden.  Primary  materials  from  the  embankment  area  con¬ 
sist  primarily  of  weathered  and  unweathered  Woodbine  clay  shales  and 
unweathered  Del  Rio  clay  shale.  On  the  weathered  and  unweathered 
Woodbine  samples  Q  and  R  triaxial  and  standard,  residual,  and  presplit 
direct  shear  tests  were  performed.  Presplit  and  residual  tests  were 
performed  on  originally  intact  Woodbine  shales  to  determine  a  likely 
range  of  strength  for  slickensided  materials.  On  the  intact  Del  Rio 
shale  samples,  Q  triaxial  and  standard  direct  shear  tests  were  per¬ 
formed.  From  the  borrow  areas,  seven  sets  of  bag  samples  were  select¬ 
ed  for  Standard  AASHO  compaction,  Q  and  R  triaxial  compression,  S 
direct  shear,  and  consolidation  tests.  Q  tests  were  performed  on 
samples  compacted  to  100  percent  of  maximum  Standard  density  at  opti¬ 
mum  moisture  content  and  on  samples  compacted  to  95  percent  of  maximum 
Standard  density  at  optimum  minus  3  percent,  optimum,  and  optimum  plus 
3  percent.  R  tests  were  performed  on  samples  compacted  to  95  percent 
Standard  density  at  optimum.  S  tests  were  performed  on  samples  com¬ 
pacted  to  95  and  100  percent  Standard  density  at  optimum  moisture  con¬ 
tent.  From  the  spillway  excavation  area  two  composite  bag  samples  of 
weathered  Eagle  Ford  and  Woodbine  shales  were  obtained  and  tested. 
Compaction,  Q  and  R  triaxial  compression,  direct  shear,  and  controlled 
expansion  tests  were  performed  on  the  samples. 
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7-03.  Embankment  design  data.  Based  on  analysis  of  laboratory  test 
results,  the  following  strengths  were  adopted  for  embankment  design: 


a.  Overburden.  Design  parameters  assumed  for  the  right  abutment, 

floodplain,  and  left  abutment  overburden  strata  were  as  follows: 

Moist  Unit  Weight  -  127  pcf 
Saturated  Unit  Weight  -  129  pcf 

Overburden  Shear  Strength 


c 

TSF 

phi 

Oeqrees 

Remarks 

Q 

0.7 

5 

All  reaches  except  flood- 

plain  below  El.  485 

Q 

0.4 

3 

Floodplain  below 

El.  485 

R 

0.2 

12 

All  reaches 

S 

0.0 

24 

Right  abutment 

S 

0.0 

24 

(LL 

>  35) 

Left  abutment  and 

0.0 

30 

(LL 

<  35) 

floodplain 

b.  Primary.  The  results  of  laboratory  shear  strength  tests  on 
intact  specimens  are  not  considered  representative  of  field  strengths 
for  slickensided  clay  shales.  Presplit  and  residual  test  results  were 
used  as  a  guide  in  estimating  the  shear  strength  of  the  slickensided 
Woodbine.  Values  intermediate  between  residual  and  peak  were  used  as 
estimates  for  shear  strength  of  the  weathered  Woodbine  clay  shale  and 
intact  unweathered  Woodbine.  A  range  of  assumed  shear  strengths  and 
unit  weights  used  for  the  primary  materials  follows: 
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Material  Type 

c 

TSF 

phi 

Deqrees 

Unit  Weight  -  pcf 
Moist  Saturated 

Weathered  Woodbine 

0 

10-14 

124 

126 

Unweathered  Slickensided 
Woodbine 

0 

5-14 

133 

135 

Unweathered  Intact  Woodbine 

0 

25 

133 

135 

Unweathered  Sandy  Shale  and 
Sandstone  (Woodbine) 

0 

32 

133 

135 

These  strengths  were  used  with  pore  pressure  assumptions  ranging  from 
0  to  100  percent  in  the  stability  analyses.  Design  strengths  were 
not  assigned  to  the  Del  Rio  clay  shales  because  experience  and  labora¬ 
tory  tests  have  shown  them  to  be  stronger  than  Woodbine  materials; 
therefore,  assumed  failure  planes  were  more  critical  in  the  shallower 
Woodbine. 

c.  Embankment  fill. 

(1)  Borrow.  The  impervious  zone  required  clays  with  a  liquid 
limit  greater  than  40.  All  overburden  soils  except  topsoil  were  con¬ 
sidered  acceptable  for  random  and  semi -compacted  zones.  The  distribu¬ 
tion  of  materials  in  the  borrow  areas  were  such  that  both  the  random 
and  impervious  zones  contain  similar  materials.  Both  zones  were 
assumed  to  have  the  following  design  properties; 

Liquid  Limit  -  46 

Plasticity  Index  -  33 

Moist  Unit  Weight  -  123  pcf 

Saturated  Unit  Weight  -  125  pcf 
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Shear  Strenqth 

c 

phi 

Type 

TSF 

Degrees 

Q 

0.9 

2 

R 

0.2 

13 

s 

0.0 

24 

Design  strengths  are  based  on  fill  compacted  to  95  percent  Standard 
density  at  optimum  plus  2  percent  moisture  content. 

(2)  Materials  from  required  excavation.  Materials  from  out¬ 
let  works  and  spillway  excavation  were  used  in  the  semi -compacted 
zones.  The  excavated  materials  consisted  mostly  of  weathered  clay 
shale  from  the  spillway  but  also  contained  overburden  and  unweathered 
Woodbine  from  the  outlet  works  area.  Due  to  lack  of  laboratory  test¬ 
ing  of  this  material,  design  unit  weights  for  required  excavation 
materials  were  assumed  equal  to  90  percent  of  that  for  compacted 
borrow,  and  design  shear  strengths  were  assumed  equal  to  70  percent  of 
the  strength  assumed  for  compacted  borrow.  Subsequent  laboratory  test 
results  during  and  after  construction  indicated  that  these  assumptions 
were  very  conservative.  There  was  little  actual  difference  between 
the  density  and  shear  strengths  of  the  semi-compacted,  random,  and 
impervious  zones  of  the  initial  embankment.  Semi -compacted  fill  was 
not  tested  during  the  completion  contract. 

7-04.  Stability  analyses.  Stability  analyses  were  performed  during 
design  for  the  right  abutment,  floodplain  and  left  abutment  embankment 
sections.  The  results  of  these  analyses  are  summarized  below: 
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a.  Right  abutment. 


(1)  Failure  through  sllckensided  clay  shale,  El.  499. 


Condition 

Strength 

Method 

Remarks 

Safety 

F  actor 

End  of  Construction 
(Downstream  slope) 

Q,S 

Wedge 

80%  pore  pressure, 
phi  =  10° 

1.17 

End  of  Construction 
(Downstream  slope) 

Q,S 

Wedge 

80%  pore  pressure, 
phi  =  14° 

1.34 

Partial  Pool 
(Upstream  slope) 

S,  R+S 

2 

Wedge 

phi  =  10° 

1.40 

Partial  Pool 
(Upstream  slope) 

S,  R+S 

2 

Wedge 

phi  =  14° 

1.75 

Steady  Seepage 
(Downstream  slope) 

S,  R+S 

2 

Wedge 

phi  =  10° 

1.15 

Steady  Seepage 
(Downstream  slope) 

S,  R+S 

2" 

Wedge 

phi  =  14° 

1.46 

(2)  Failure 

through  slickensided  clay  shale,  El.  503. 

|  Condition 

Strength 

Method 

Remarks 

Safety 

Factor 

End  of  Construction 
(Downstream  slope) 

Q,S 

Wedge 

80%  pore  pressure, 
phi  =  10° 

1.18 

End  of  Construction 
(Downstream  slope) 

Q,S 

Wedge 

80%  pore  pressure, 
phi  =  14° 

1.34 

Partial  Pool 
(Upstream  slope) 

S,  R+S 

2 

Wedge 

phi  =  10° 

1.33 

Partial  Pool 
(Upstream  Slope) 

S,  R+S 

2 

Wedge 

phi  =  14° 

1.69 

Steady  Seepage 
(Downstream  slope) 

S,  R+S 

2 

Wedge 

phi  =  10° 

1.12 

Steady  Seepage 
(Downstream  slope) 

S,  R+S 

2 

Wedge 

phi  =  14° 

1.44 
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A  tabulated  summary  of  end-of-construction  condition  stability  analy¬ 
ses  and  manual  computations  for  the  right  abutment  is  shown  on  Plate 
13.  Manual  computations  for  partial  pool  and  steady  seepage  conditions 
are  shown  on  Plates  14  and  15,  respectively. 

(3)  Failure  through  weathered  Woodbine.  Failure  surfaces 
assumed  through  the  weathered  Woodbine  have  higher  calculated  factors 
of  safety  than  those  through  the  slightly  deeper  slickensided  Woodbine 
zones. 


b.  Floodplain. 


Condition 

Strenqth 

Method 

Remarks 

Safety 

Factor 

End  of  Construction 
(Downstream  slope) 

Q 

Wedge 

Failure  through 
overburden  El.  473 

1.47 

Partial  Pool 
(Upstream  slope) 

S,  R+S 

2 

Wedge 

Failure  through 
fill  at  base  of 
embankment 

1.95 

Steady  Seepage 
(Downstream  slope) 

S,  R+S 

2 

Wedge 

Failure  through 
fill  at  base  of 
embankment 

1.68 

The  locations  of  critical  failure 

surfaces 

for  the  floodplain 

analyses 

are  shown  on  Plate  16. 
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c.  Left  abutment. 


Condition 

Strength 

Method 

Remarks 

Safety 

Factor 

End  of  Construction 
(Downstream  slope) 

Q 

Wedge 

Failure  through 
overburden  El.  500 

2.44 

End  of  Construction 
(Downstream  slope) 

Q 

Circular 

Arc 

2.90 

Partial  Pool 
(Upstream  slope) 

S,  R+S 

2 

Wedge 

Failure  through 
overburden  El.  537 

1.48 

Partial  Pool 
(Upstream  slope) 

S,  R+S 

2 

Circular 

Arc 

1.50 

Steady  Seepage 
(Downstream  slope) 

S,  R+S 

2 

Wedge 

Fai 1 ure  througl 
fill  at  base  of 
embankment 

1.63 

Steady  Seepage 
(Downstream  slope) 

S,  R+S 

2 

Circular 

Arc 

1.73 

The  locations  of  critical  failure  surfaces  for  the  left  abutment  are 
shown  on  Plate  17,  For  all  embankment  sections,  only  downstream 
slopes  were  analyzed  for  end  of  construction  condition  since  the  up¬ 
stream  slopes  are  less  critical. 

d.  Extreme  left  abutment.  The  extreme  left  abutment  embankment 
section  was  judged  by  inspection  to  be  stable  and  conservative.  Sta¬ 
bility  analyses  were  not  performed.  This  assumption  is  still  consid¬ 
ered  appropriate.  The  embankment  height  is  a  maximum  of  29  feet  in 
this  reach  and  averages  about  14  feet.  The  foundation  consists  of  a 
thin  veneer  of  overburden  overlying  sandstone. 

e.  Rapid  drawdown  condition.  The  embankment  is  not  expected  to 
be  subjected  to  a  rapid  drawdown  condition  because  the  materials  com- 
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prising  the  upstream  slopes  are  relatively  impervious  and  the  expected 
duration  of  any  high  pool  will  be  brief.  Therefore,  saturation  of  the 
embankment  is  not  expected  to  occur  at  a  high  elevation. 

f.  Computations.  Computer  programs  supplemented  with  manual  com¬ 
putations  were  used  to  perform  stability  analysis  computations. 

(1)  Wedge  method  with  excess  pore  pressures.  Program  SSW-039 
was  used  to  perform  stability  computations  for  the  end  of  construction 
condition  for  the  right  abutment  embankment.  This  program  was  used  to 
analyze  the  end  of  construction  condition  using  S-strengths  with  ex¬ 
cess  pore  pressure  in  primary  strata  and  Q-strengths  in  the  embankment 
and  overburden  materials.  Program  execution  was  via  Timesharing  to 
the  GE -635  computer  at  the  Waterways  Experiment  Station.  Computation¬ 
al  method  and  accuracy  were  checked  by  hand  for  the  right  abutment 
end-of -construction  condition  (Plate  13). 

(2)  Wedge  method.  Program  41-R3-C102  was  used  to  perform 

stability  computations  for  the  end  of  construction  case  (using  Q- 

strengths),  partial  pool  case  (using  S  &  R-tS  strengths)  and  steady 

2 

seepage  case  (using  S  &  R+S  strengths).  This  program  was  used  to 

2 

analyze  the  floodplain  and  left  abutment  embankment  sections  for  the 
three  conditions  cited.  The  program  was  also  used  to  analyze  the 
right  abutment  section  for  partial  pool  and  steady  seepage  conditions. 
Program  execution  was  via  Cope  1200  (batch)  to  the  GE-437  computer  at 
Southwestern  Division.  Computational  method  and  accuracy  were  checked 
by  hand  for  the  right  abutment  section  for  partial  poo)  (Plate  14)  and 
steady  seepage  (Plate  15)  conditions. 


(3)  Circular  arc  method.  Program  WES-104  was  used  to  perform 

stability  computations  for  the  end  of  construction  case  (using  Q- 

strengths),  the  partial  pool  case  (using  S  &  R+S  strengths)  and  the 

2 

steady  seepage  case.  This  program  uses  the  modified  Swedish  method  of 
analysis. 

g.  Evaluation  of  analyses.  In  view  of  the  foundation  performance 
and  fill  conditions  encountered  during  construction,  the  shear 
strengths  and  unit  weights  indicated  by  record  samples,  and  the  actual 
excess  foundation  pore  pressures  measured  during  construction,  the 
analyses  conducted  during  design  are  considered  appropriate  and  suffi¬ 
cient.  No  additional  embankment  stability  analyses  will  be  conducted. 
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SECTION  8  -  EMBANKMENT  FILL  CONSTRUCTION  CONTROL 


8-01.  General .  Embankment  fill  construction  was  monitored  through  an 
extensive  Government  quality  assurance  field  testing  program.  The 
testing  program  was  based  on  a  minimum  sampling  frequency  of  one  set 
of  tests  that  included  an  in-place  density  per  3000  cubic  yards  of 
compacted  fill.  On  each  sample,  the  moisture  content,  liquid  limit, 
and  bar  linear  shrinkage  were  determined  (Note:  For  the  initial  con¬ 
tract  only,  in-place  densities  were  performed  on  each  sample  also). 
On  approximately  every  fifth  sample,  a  grain  size  analysis  was  con¬ 
ducted  and  the  plastic  limit  and  in-place  density  were  determined  in 
addition  to  the  above  tests.  On  approximately  every  tenth  sample,  a 
Standard  compaction  test  was  run  in  addition  to  the  other  tests. 
Additional  testing  of  moisture  content  was  performed  at  the  discretion 
of  the  Contracting  Officer  as  necessary  to  assure  contract  compliance. 
Unacceptable  material,  unacceptable  in-place  moisture  content  or  unac¬ 
ceptable  compaction  as  indicated  by  the  tests,  resulted  in  either 
reworking  of  the  fill  and  retesting,  or  removal  of  the  material  in 
question.  Experience  on  this  and  other  embankment  projects  have  shown 
for  clays  that  if  the  materials,  lift  thickness,  uniform  moisture  con¬ 
tent,  and  compactive  effort  are  in  accordance  with  the  specifications, 
then  the  density  achieved  is  essentially  always  greater  than  95  percent 
of  maximum  Standard  density.  These  items  when  combined  with  the  con¬ 
trols  afforded  by  the  Liquid  Limit  Correlation  Method  form  a  superior 
fill  placement  quality  assurance  program  in  these  type  materials.  The 
data  from  the  field  tests  on  random,  impervious,  and  semi -compacted 
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fill  are  tabulated  on  Plates  18  through  20.  The  average  liquid  limits, 
water  contents,  and  percent  compaction  are  as  follows: 


a.  Initial  contract 

: 

Liquid 

Limit 

Water 

Content 

Moisture 

Variation 

Frm  Optimum,* 

X 

Compaction 

Impervious  Fill 

58.7 

25.7 

+1.7 

107.1 

Random  Fill 

52.8 

23.0 

+0.8 

107.0 

Semi -Compacted  Fill 

45.0 

18.7 

-0.4 

108.2 

b.  Completion  contract: 

Liquid 

Limit 

Water 

Content 

Moisture 

Variation 

Frm  Optimum,* 

* 

Compaction 

Impervious  Fill 

64.1 

26.1 

+1.3 

108.2 

Random  Fill 

39.6 

17.6 

-0.2 

107.4 

During  the  completion  contract,  semi -compacted  fill  placement  was  not 
monitored  by  laboratory  testing.  The  semi -compacted  fill  berm  was 
needed  only  for  weight  in  regard  to  embankment  stability. 

8-02.  Liquid  limit  correlation  method.  The  primary  method  of  fill 
placement  control  was  the  "Liquid  Limit  Correlation  Method".  The 
Liquid  Limit  Correlation  Method  is  based  on  the  correlation  which  can 
be  established  between  the  liquid  limits  and  the  other  engineering 
properties  of  soils.  Laboratory  tests  on  the  soils  used  in  the  em¬ 
bankment  are  used  to  establish  correlation  curves  which  represent  the 
relationship  between  the  maximum  dry  density  and  liquid  limit  of  em¬ 
bankment  fill  and  also  between  the  optimum  moisture  content  and  liquid 
limit  of  fill  materials.  Thus,  a  liquid  limit  value  determined  by 


testing  an  embankment  sample  is  used  in  conjunction  with  the  correla¬ 
tion  curves  to  determine  the  maximum  dry  density  and  the  optimum 
moisture  content  for  that  sample.  These  values  are  then  compared  to 
the  in-place  density  and  in-place  moisture  content  to  determine  com¬ 
pliance  of  field  compaction  and  moisture  to  contract  specif ications  or 
to  desired  minimum  values. 

a.  Establishment  of  correlation  curves.  The  specifications  for 
the  Aquilla  embankment  required  that  the  Government  laboratory  conduct 
compaction  and  classification  tests  to  be  used  in  the  establishment  of 
correlation  curves.  Compaction  and  classif ication  tests  were  performed 
on  materials  representing  the  entire  range  of  materials  from  the 
borrow  area  and  from  the  required  excavations  which  were  used  in  con¬ 
structing  the  embankment.  The  specifications  stipulated  the  minimum 
number  of  tests  that  would  be  performed  on  each  type  of  materials. 
They  included  provisions  for  preparing  the  clay  shale  samples  by  three 
different  methods  for  liquid  limit  tests  as  described  in  EM  1110-2-1906, 
Laboratory  Soils  Testing. 

b.  Updated  correlation  curves.  Results  of  all  quality  assurance 
tests  were  furnished  to  the  Chief,  Geotechnical  Branch,  for  plotting 
and  continued  evaluation  of  the  accuracy  of  correlation  curves  to  be 
used  in  compaction  control.  Separate  correlation  curves  are  sometimes 
set  up  for  each  type  of  fill  material  such  as  overburden  and  primary 
materials.  However,  for  the  Aquilla  embankment  construction,  a  good 
overall  correlation  was  obtained  using  only  one  curve  at  a  time.  The 
correlation  curve  was  furnished  to  the  Resident  Engineer  prior  to 
placement  of  fill,  and  it  was  updated  periodically  during  construction. 


c.  Use  of  correlation  curves.  The  relationship  of  field  moisture 


content  and  density  to  specified  or  desired  valves  was  determined  by 
the  Government's  laboratory  personnel  for  each  embankment  control 
sample.  After  determination  of  the  liquid  limit,  the  correlation  curve 
of  liquid  limit  versus  optimum  moisture  content  was  used  to  obtain  the 
optimum  moisture  content  for  comparison  with  the  moisture  content  of 
the  embankment  control  sample.  For  impervious  fill  material,  the 
moisture  content  was  required  to  be  within  the  limits  of  3  percentage 
points  above  optimum  and  optimum.  After  compaction,  random,  and 
select  impervious  fill  moisture  contents  were  required  to  be  within 
the  limits  of  3  percentage  points  above  and  2  percentage  points  below 
optimum  moisture.  For  the  initial  embankment  contract,  the  upper  and 
lower  limits  of  mristure  content  for  the  semi -compacted  fill  were  the 
same  as  those  specified  for  random  material.  No  moisture  control  was 
specified  for  the  semi -compacted  zone  of  the  completion  embankment. 
Field  density  was  compared  with  the  estimated  maximum  laboratory  den¬ 
sity  by  using  the  correlation  plot  of  liquid  limit  versus  100  percent 
Standard  compaction  density.  Percent  density  was  obtained  by  dividing 
the  density  of  the  control  sample  by  the  laboratory  density  for  100 
percent  Standard  compaction.  The  target  or  desired  minimum  density 
was  equal  to  or  greater  than  95  percent,  although  no  minimum  density 
was  specified.  As  described  earlier,  if  the  specifications  concerning 
material  type,  lift  thickness,  moisture  and  compactive  effort  are  met, 
the  percent  density  achieved  and  computed  in  this  manner  is  always 
greater  than  the  desired  minimum  for  these  type  materials.  The  usual 
range  of  compacted  values  is  from  95  percent  to  120  percent  compaction. 
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8-03.  Construction  inspection  by  geotechnical  engineers.  Foundation 
preparation  and  fill  construction  was  also  inspected  and  evaluated  (on 
a  continual  basis)  by  responsible  geotechnical  design  engineers 
throughout  both  the  initial  and  completion  contracts.  All  foundation 
approval  was  performed  by  a  geotechnical  engineer.  Construction  engi¬ 
neers  involved  were  very  cooperative  with  the  design  engineers  in 
trying  to  achieve  the  intent  of  the  design  and  in  calling  any  discre¬ 
pancies  to  the  design  engineers  attention.  This  inspection  and  evalu¬ 
ation  during  construction  by  the  geotechnical  design  engineers  is 
routine  in  the  Fort  Worth  District  and  is  considered  necessary  for  the 
construction  of  all  massive  earth  and/or  rock  fill  dams. 
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SECTION  9  -  RECORD  SAMPLES 


9-01.  Record  sampling  program.  A  total  of  45  record  samples  were 
taken  from  the  Aquilla  embankment  fill  for  testing.  The  record  sample 
test  data  are  tabulated  on  Plate  21.  The  numbers  of  record  samples 
taken  from  each  fill  type  on  each  contract  are  as  follows: 


a.  Initial  embankment  contract: 

Fill  Type  Numbers  of  Record  Samples 

Impervous .  6 

Random .  8 

Semi -Compacted .  6 

Total  20 

b.  Completion  contract: 

Fill  Type  Numbers  of  Record  Samples 

Impervious .  9 

Random .  16 

Total  25 


Semi -compacted  fill  placed  during  the  completion  contract  was  not  sub¬ 
jected  to  record  sample  testing.  Stationing  of  the  record  sample 
locations  extends  from  station  12+25  to  station  86+00.  Undisturbed 
and  bag  samples  were  recovered  from  each  record  sample  site  and  sub¬ 
jected  to  the  following  tests: 

1)  Visual  Classification. 

2)  Grain  Size  Analysis  (Mechanical  and  Hydrometer). 
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3)  Atterberg  Limits. 

4)  Bar  Linear  Shrinkage. 

5)  Specific  Gravity. 

6)  Consolidation. 

7)  Standard  Compaction. 

8)  Direct  Shear. 

9)  "Q"  and  "R"  Triaxial  Shear. 

The  tests  were  performed  at  the  Southwest  Division  Laboratory,  Dallas, 
Texas,  with  the  exception  of  six  of  the  record  samples  which  were 
tested  at  the  Missouri  River  Division  Laboratory,  Omaha,  Nebraska. 

9-02.  Record  sample  strength  testing.  Undisturbed  specimens  carved 
from  the  record  samples  were  subjected  to  the  following  strength 
tests: 

1)  Unconsolidated  -  Undrained  C'Q"  -  Triaxial  Shear);  three  or 
four  specimens  per  record  sample. 

2)  Consolidated  -  Undrained  ("R"  -  Triaxial  Shear);  three  or  four 
specimens  per  record  sample. 

3)  Consolidated  -  Drained  ("S"  -  Direct  Shear);  three  specimens 
per  record  sample. 

The  strength  test  data  are  summarized  in  plots  on  Plates  22  through 
27.  The  design  strength  envelopes  assumed  during  design  are  also 


shown  on  the  plots  for  comparison  purposes.  A  tabulated  comparison  of 
the  strength  test  results  to  the  assumed  design  strength  envelopes  is 
shown  in  Table  9.01. 

9-03.  Record  sample  strength  testing  results.  The  design  strength 
envelopes  were  chosen  so  that  approximately  two-thirds  of  the  test 
strengths  of  the  material  tested  prior  to  design  fell  above  the 
strength  envelope.  It  can  be  observed  from  Table  9.01  that  the  com¬ 
posite  test  results  for  the  initial  and  completion  contract  indicate 
that  72  percent  of  the  "R"-test  strengths  and  67  percent  of  the  "S"- 
test  strengths  are  above  the  design  strength  envelopes.  This  compares 
favorably  with  the  design  assumptions.  It  is  also  observed  that  38 
percent  of  the  "Q"-test  strengths  are  above  the  design  envelope. 
However,  since  "Q"-strength  governs  only  end  of  construction  stabi¬ 
lity,  the  successful  topping  out  of  the  embankment  fill  indicates  that 
the  "Q“-strengths  were  obviously  adequate.  This  was  further  borne  out 
by  sensitivity  studies  of  stability  analyses  which  indicated  that 
minor  variations  in  embankment  "Q"-strengths  resulted  in  only  minor 
variations  in  calculated  safety  factors. 
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TABLE  9.01 


Record  Sample  Strength  Test  Result  Summary. 

a.  Initial  Contract. 


TEST 

FILL 

NUMBER 

*  WITH  STRENGTH  EQUAL  TO  OR 

TYPE 

TYPE 

OF  TESTS 

ABOVE  DESIGN  ENVELOPE 

Impervious 

24 

54 

Q 

Random 

32 

56 

Semi -Compacted 

24 

58 

Impervious 

24 

92 

R 

Random 

32 

87 

Semi -Compacted 

22 

77 

Impervious 

18 

56 

S 

Random 

24 

67 

Semi -Compacted 

18 

83 

b.  Completion  Contract.  (See  Note) 


TEST 

FILL 

NUMBER 

TTHTHTTRENGTir eqUATWOR 

_  TYPE _ 

_ TYPE _ 

OF  TESTS 

_ A  BO  VE_  DESIGN  _E  N' V E_L0 PE_  _  _  _ 

Q 

Impervious 

33 

9 

Random 

57 

30 

R 

Impervious 

33 

39 

Random 

48 

73 

S 

Impervious 

27 

44 

Random 

48 

77 

c.  Totals  -  Both  Contracts. 


Test  - 

TILL 

'NUMBER 

*  WITH  STRENGTH  EQUAL  TO  OR 

TYPE 

TYPE 

OF  TESTS 

ABOVE  DESIGN  ENVELOPE 

Q 

ALL 

170 

38 

R 

ALL 

159 

72 

S 

ALL 

135 

67 

NOTE:  Semi -compacted  fill  placed  during  the  completion  contract  was  not 
subjected  to  record  sample  testing. 
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SECTION  10  -  INSTRUMENTATION  PROGRAM 


10-01.  General .  Instrumentation  for  the  project  consists  of  piezo¬ 
meters,  inclinometers,  settlement  plates,  surface  reference  marks, 
and  outlet  works  reference  marks.  One  hundred  and  six  piezometers 
were  installed  to  measure  pore  pressures.  (Pore  pressure  in  this 
report  is  defined  as  the  ratio  of  increased  pore  pressure  to  increased 
fill  load  expressed  as  a  percentage.)  Eighty  of  these  were  open  sys¬ 
tem  and  26  were  pneumatic  type  piezometers.  Six  settlement  plates 
were  installed  to  measure  settlement  of  the  foundation.  To  monitor 
horizontal  deflection  of  the  foundation  and  outlet  works  excavation, 
16  inclinometers  were  installed.  To  monitor  surface  movement  of  the 
embankment  fill  and  outlet  works  channel  side  slopes,  31  surface  ref¬ 
erence  marks  were  installed.  Movements  of  the  outlet  works  conduit 
and  stilling  basin  walls  are  monitored  by  a  series  of  reference  marks 
embedded  in  the  concrete.  As  a  general  statement,  instrumentation 
readings  have  indicated  no  unusual  movement  nor  any  structural  dis¬ 
tress  that  would  adversely  affect  stability  of  the  embankment  or  out¬ 
let  works.  An  analysis  of  instrumentation  readings  is  presented  in 
Section  11.  Instrumentation  locations  are  shown  in  plan  view  on  Plate 
28  and  a  schedule  of  instrumentation  is  presented  on  Plate  ,29. 

10-02.  Piezometers.  Piezometers  for  the  project  were  installed  with 
government  forces  during  each  of  the  two  separate  construction  con¬ 
tracts.  For  the  initial  contract,  43  Casagrande  type  open  system 
piezometers  were  installed:  P-1  through  P-38  and  P-A  through  P-E.  P-1 
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through  P-38  were  the  porous  plastic  tube  type  as  manufactured  by 
Slope  Indicator  Company,  Seattle,  Washington  with  3/g  -  inch  diameter 
PVC  risers.  P-A  through  P-E  were  galvanized  steel  well  point  type 
piezometers.  In  addition  to  the  open  system  piezometers,  18  pneumatic 
piezometers,  PP-1  through  PP-18,  were  installed  during  the  initial 
contract.  For  the  completion  contract,  45  additional  piezometers  were 
installed  as  follows:  P-38  through  P-75  were  the  porous  plastic  tube 
type  and  PP-19  through  PP-26  were  the  pneumatic  type.  In  general,  it 
should  be  noted  that  the  open  system  piezometers  functioned  adequately 
while  the  pneumatic  piezometers  functional  erratically  and  were  unre¬ 
liable.  Typically  the  pneumatic  piezometers  recorded  higher  pore 
pressures  than  the  open  system  piezometers  even  though  both  types 
monitored  the  same  strata.  The  main  reason  that  pneumatics  were 
selected  for  use  on  the  project  was  to  minimize  potential  problems 
with  time  lag  in  pore  pressure  response  in  the  low  permeability  clay 
shale.  In  actuality  even  in  the  open  system  piezometers  time  lag 
proved  to  be  an  insignificant  problem.  Most  of  the  problems  encoun¬ 
tered  with  the  pneumatic  piezometers  was  due  to  their  complexity.  A 
typical  installation  schematic  is  shown  on  Plate  28.  The  pneumatics 
used  for  the  Aquilla  project  were  manufactured  by  Slope  Indicator 
Company,  Seattle  Washington.  The  transducers  utilize  a  flexible  dia- 
phram  and  a  ball  check  valve.  To  take  a  reading,  the  force  of  the 
diaphram  due  to  water  pressure  is  equalized  by  gas  pressure  applied 
through  the  input  tube.  When  the  gas  and  water  pressure  are  equalized 
the  ball  valve  closes  and  the  gas  pressure,  which  registers  on  a  gage, 
is  equal  to  the  pore  pressure.  One  of  the  disadvantages  of  this  type 
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of  instrument  is  that  the  displacement  of  the  check  valve  that  occurs 
at  the  instant  of  reading  will  artifically  increase  the  pore  pressure. 
This  problem  is  not  severe  in  high  permeability  soils  where  increased 
pressures  can  quickly  bleed  off,  but  in  low  permeability  material  such 
as  clay  shale,  measured  pressure  will  be  too  high.  Other  problems 
experienced  with  the  pneumatic  piezometers  were  gas  flow  rate  problems 
when  long  tubes  were  used  and  sticking  check  valves. 

10-03.  Inclinometers.  Sixteen  incl inometers  were  installed  at  the 
project.  Incl inometers  1-1  through  1-12  were  installed  during  the 
initial  contract  and  1-13  through  1-16  were  installed  during  the  com¬ 
pletion  contract.  The  inclinometers  were  constructed  of  3.34-inch 
diameter  grooved  PVC  casing,  the  type  manufactured  by  Slope  Indicator 
Company. 

10-04.  Settlement  plates.  Six  settlement  plates  were  installed  at 
the  project.  Settlement  Plates  SP-1  through  SP-4  were  installed 
during  the  initial  contract  and  settlement  Plates  SP-5  and  SP-6  were 
installed  during  the  completion  contract.  All  the  settlement  plates 
consist  of  3-foot  square,  1/4-inch  thick  steel  plates  placed  on  the 
embankment  foundation  with  steel  riser  pipes  extended  through  the  fill. 

10-05.  Surface  reference  marks.  During  the  initial  contract,  31  sur¬ 
face  reference  marks  were  installed.  No  surface  reference  marks  were 
installed  during  the  completion  contract.  The  surface  reference  marks 
consist  of  sections  of  6-inch  diameter  steel  pipe  filled  with  concrete 
with  brass  survey  monuments  installed  in  the  tops. 
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10-06.  Outlet  Works  Reference  Marks.  Reference  marks  were  installed 
along  the  invert  of  the  conduit,  on  the  intake  tower,  along  the  dis¬ 
charge  chute,  and  on  the  stilling  basin  walls.  The  reference  marks 
consist  of  bronze  bolts  embedded  in  concrete. 


SECTION  II  -  INSTRUMENTATION  ANALYSIS 


11-01.  Piezometers. 

a.  General .  Foundation  piezometers  were  installed  for  the  ini¬ 
tial  embankment  of  Aquilla  Oam  in  two  general  locations,  line  A  and 
line  B.  Line  A  is  near  the  right  abutment  and  extends  from  station 
17+00  to  station  21+00.  Line  B  is  near  the  end  slope  of  the  initial 
embankment  and  extends  from  station  24+70  to  station  26+50.  Founda¬ 
tion  piezometers  were  also  installed  during  the  completion  contract  in 
four  lines,  designated  line  C  through  line  F.  Instrumentation  line  C 
is  located  at  station  41+  on  the  right  abutment  of  the  Aquilla  Creek 
floodplain.  Line  D  is  located  at  station  47+  on  the  west  side  of 
Aquilla  Creek  and  line  E  is  located  at  station  53+  on  the  east  side  of 
Aquilla  Creek.  Line  F  is  located  at  station  70+  on  the  east  side  of 
the  outlet  works.  A  plan  view  of  the  instrumentation  location  is 
shown  on  Plate  28. 

b.  Instrumentation  line  A.  Piezometers  for  instrumentation  line 
A  were  installed  in  three  cross-sections,  A,  Aj,  and  A£  as  shown  on 
Plates  30  through  33.  Piezometers  for  line  A  were  installed  in  sever¬ 
al  different  foundation  strata  in  both  the  Woodbine  and  the  Del  Rio 
formations.  However,  most  of  the  piezometers  for  line  A  were  install¬ 
ed  in  the  "waxy"  clay  shale  units  of  the  Woodbine  formation.  These 
clay  shale  units  were  expected  to  develop  the  highest  pore  pressure 
during  construction.  At  the  right  abutment  there  are  two  waxy  units 
separated  by  a  thick  sandstone  unit.  Also,  numerous  piezometers  were 
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installed  at  the  contact  between  the  Woodbine  and  Del  Rio  formations 
and  one  piezometer  was  installed  deeper  in  the  Del  Rio.  Thirty-seven 
piezometers  were  installed  along  line  A,  but  20  were  subsequently 
abandoned  and  are  no  longer  being  read.  A  number  of  the  piezometers 
were  damaged  by  the  Contractor's  operations  and  the  remainder  were 
abandoned  because  of  erratic,  meaningless  readings.  However,  suf¬ 
ficient  piezometers  were  operational  to  provide  adequate  data  on  pore 
pressure  development  in  the  foundation.  Plot  of  piezometric  and  fill 
elevation  versus  time  are  shown  on  Plate  43  through  56  for  all  func¬ 
tional  piezometers. 

c.  Analysis  of  piezometric  readings  for  line  A.  Based  on  the 
Waco  Dam  experience,  it  was  expected  that  the  highest  pore  pressures 
would  develop  in  the  "waxy"  Woodbine  clay  shale  (which  is  the  same 
geologic  unit  as  the  Pepper  Shale  in  the  foundation  at  Waco  Dam)  or  at 
the  Woodbine-Del  Rio  contact.  However,  along  line  A  the  highest  pore 
pressure  development  as  recorded  by  open  system  piezometers,  occurred 
deeper  in  the  Del  Rio  formation  rather  than  in  the  "waxy"  Woodbine  or 
at  the  Woodbine-Del  Rio  contact.  Even  though  the  Del  Rio  formation  is 
lower  in  elevation,  the  piezometric  elevations  in  the  Del  Rio  piezome¬ 
ters  were  almost  as  high  as  the  elevations  recorded  in  the  "waxy" 
Woodbine  units.  This  behavior  occurred  despite  the  fact  that  the  Del 
Rio  clay  shale  is  much  stronger  than  the  clay  shales  of  the  Woodbine 
formation  and  is  partially  cemented  with  calcium  carbonate  where  the 
Woodbine  clay  shales  are  non-calcareous.  Apparently,  the  "waxy"  units 
of  the  Woodbine  have  significant  fracture  permeability  compared  to  the 
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permeability  of  the  Del  Rio  formation.  Pore  pressure  that  developed 
were  able  to  bleed  into  a  sandstone  layer  that  underlies  the  "waxy" 
Woodbine.  Water  level  in  the  sandstone  layer  remained  the  same  as 
static  groundwater  conditions  through  out  the  embankment  construction 
period.  The  time  lag  exhibited  by  piezometer  P-12,  with  its  tip  in 
the  Del  Rio  shale  reinforces  this  reasoning  that  the  Del  Rio  clay 
shale  is  much  more  impervious  than  the  "waxy"  Woodbine.  To  date,  the 
piezometric  level  of  this  piezometer  has  stopped  increasing  but  has 
not  decreased.  The  highest  pore  pressure  response  recorded  in  P-12 
was  72  percent.  In  the  Woodbine  P-A  and  PP-8  showed  the  highest  pore 
pressures,  64  percent  and  76  percent,  respectively.  Along  line  A  the 
piezometer  readings  indicate  no  lateral  transmission  of  high  pore 
pressures  from  the  centerline  toward  either  the  upstream  or  downstream 
toes.  This  was  a  significant  observation  since  it  was  lateral  trans¬ 
mission  of  excess  pore  pressure  toward  the  downstream  toe  that  contri¬ 
buted  to  the  Waco  Dam  slide.  Piezometer  data  for  line  A  are  detailed 
on  Plate  41. 

d  Instrumentation  line  B.  Piezometers  for  instrumentation  line 
B  were  installed  two  cross-section,  B  and  Bj,  as  shown  on  Plates  34 
through  37.  Foundation  strata  at  line  B  are  similar  to  line  A  and 
piezometers  were  installed  in  the  same  basic  geologic  units  that  were 
monitored  at  line  A.  Most  of  the  piezometers  were  installed  in  the 
"waxy"  clay  shale  units  of  the  Woodbine  formation  and  at  the  Woodbine- 
Del  Rio  contact.  Of  the  24  piezometers  installed  along  line  B,  15  are 
inoperative  and  have  been  abandoned.  Plots  of  piezometric  and  fill 
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elevation  versus  time  for  the  functional  piezometers  are  presented  on 
Plates  43  through  56. 

e.  Analysis  of  piezometer  readings  for  line  B.  Pore  pressure 
response  as  a  result  of  fill  placement  along  line  B  was  greatest  in 
the  Del  Rio  formation  and  was  similar  to  Del  Rio  pore  pressure  response 
for  line  A.  The  highest  piezometric  elevation  was  560  feet  measured 
in  Del  Rio  piezometer  P-28  (Plate  46).  Pore  pressure  response  for 
piezometers  in  the  "waxy"  Woodbine  formation  along  line  B  was  less 
than  expected.  The  highest  piezometric  elevation  was  534  feet  mea¬ 
sured  in  the  "waxy"  Woodbine  piezometer  P-26  (Plate  46).  Piezometric 
levels  at  the  Woodbine-Del  Rio  contact  were  about  the  same  at  line  B 
as  in  line  A.  Based  on  the  piezometer  readings,  there  is  no  evidence 
of  any  transmission  of  high  pore  pressures  toward  the  embankment  toes. 
Most  piezometers  at  or  near  the  toes  demonstrated  very  little  pore 
pressure  response  due  to  fill  placement  and  essentially  monitored  the 
groundwater  level.  It  is  interesting  to  note  that  the  percent  pres¬ 
sure  development  in  the  "waxy"  Woodbine  strata  along  line  B  was  less 
than  along  line  A.  The  primary  factor  contributing  to  this  difference 
was  the  smaller  height  of  fill  at  line  B.  The  fractured,  jointed 
Woodbine  shale  along  instrumentation  lines  A  and  B  has  significant 
fracture  permeability  which  may  be  the  reason  that  pore  pressure  de¬ 
velopment  was  not  high.  As  fill  loading  increases,  the  fracture  per¬ 
meability  is  reduced  thus  allowing  for  the  development  of  higher 
excess  pore  pressure.  Since  line  B  had  a  smaller  fill  height,  the 
fracture  permeability  was  less  diminished,  and  pore  pressure  response 
was  not  as  great. 
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f.  Instrumentation  of  line  C.  Piezometers  for  instrumentation 
line  C  are  shown  in  profile  on  Plate  38.  Both  the  open  system  and 
pneumatic  piezometers  were  installed  in  a  "waxy"  Woodbine  clay  shale 
unit  just  above  a  thick  sandstone  unit.  Plots  of  piezometric  and  fill 
elevation  versus  time  are  shown  on  Plates  43  through  56. 

g.  Analysis  of  piezometer  readings  for  line  C.  Pore  pressure 
response  along  line  C  has  been  low.  The  maximum  piezometric  elevation 
recorded  during  construction  was  532  feet  which  was  measured  in  piezo¬ 
meters  P-42  (Plate  38).  Most  piezometers  essentially  monitored  the 
groundwater  table  or  were  dry.  The  lack  of  pore  pressure  response 
along  line  C  is  attributed  to  the  presence  of  fracturing  in  the  Wood¬ 
bine  shale  adjacent  to  the  floodplain.  The  shale  at  line  C  comprises 
the  right  abutment  of  the  floodplain  and  has  geologically  undergone 
more  stress  relief  both  vertically  and  laterally  than  the  shale  under 
the  initial  embankment;  and,  as  a  result,  the  shale  has  greater  mass 
permeability.  A  perched  water  table  does  not  exist  at  line  C.  Sever¬ 
al  of  the  piezometers  were  installed  in  unsaturated  strata  above  the 
permanent  water  table.  Of  all  the  piezometers  installed  along  line  C, 
only  open  system  piezometer  P-42  recorded  any  significant  buildup  of 
pore  pressure.  Piezometer  P-42  measured  a  maximum  pore  pressure  re¬ 
sponse  of  65  percent. 

h.  Instrumentation  line  D.  Piezometers  for  instrumentation  line 
D  were  installed  in  several  different  strata  as  shown  on  Plate  39. 
Most  of  the  piezometers  were  installed  at  the  contact  of  the  Woodbine 
and  Del  Rio  formations  or  in  a  "waxy"  unit  of  the  Woodbine  just  above 
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the  contact.  The  thick  sandstone  unit  that  exists  at  line  C  has 


apparantly  been  removed  by  erosion  and  is  not  present  at  line  D.  Also 
at  line  D,  piezometers  were  installed  in  the  overburden  strata  and  in 
the  clay  shale  of  the  Del  Rio  formation.  Plots  of  piezometric  eleva¬ 
tion  and  fill  elevation  versus  time  are  shown  on  Plate  43  through  56. 

i .  Analysis  of  piezometer  readings  for  line  D.  The  maximum 
piezometric  elevations  recorded  during  construction  for  the  strata 
that  were  monitored  and  the  corresponding  percent  pore  pressure  re¬ 
sponses  are  shown  on  Plate  42.  The  highest  pore  pressure  response  at 
line  D  occurred  in  the  Del  Rio.  Piezometers  in  the  overburden  strata 
developed  essentially  no  excess  pore  pressure  and  essentially  monitored 
the  groundwater  table.  The  piezometers  at  the  Woodbine-Del  Rio  con¬ 
tact  and  those  located  above  the  contact  in  the  Woodbine  clay  shale 
developed  only  moderate  pore  pressures.  The  percent  pore  pressure 
development  for  the  piezometers  installed  along  line  D  in  the  Woodbine 
clay  shale  was  much  less  than  pressures  developed  along  line  A.  The 
primary  reason  for  this  behavior  is  that  the  Woodbine  clay  shale  en¬ 
countered  during  the  completion  contract  along  instrumentation  lines 
D  and  E  is  very  sandy  and  is  borderline  sandstone.  As  a  result,  it 
has  more  rigid  structure  and  is  much  more  pervious  than  the  Woodbine 
clay  shale  unit  monitored  for  the  initial  contract.  Also,  it  should 
be  noted  from  Plate  42  that  P-51  which  is  located  at  the  Woodbine-Del 
Rio  contact  indicated  less  pore  pressure  development  than  adjacent 
piezometers  also  located  at  the  contact.  This  is  probably  a  result  of 
pore  pressures  bleeding  off  into  the  overlying  overburden  strata.  Of 
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the  different  strata  monitored  at  line  D,  the  greatest  pore  pressure 
response  occurred  in  the  Del  Rio  clay  shale.  A  series  of  piezometers, 
P-52,  P-73,  P-74,  and  P-75  were  installed  just  above  the  Del  Rio 
correlation  bed  as  shown  on  Plate  42.  All  four  of  the  Del  Rio  piezo¬ 
meters  exhibited  piezometric  levels  higher  than  the  embankment  fill. 
The  percent  pore  pressure  response  for  the  Del  Rio  piezometers  along 
line  D  was  similar  to  that  recorded  along  lines  A  and  B.  This  was 
expected  since  the  Del  Rio  shale  at  both  locations  had  similar  charac¬ 
teristics.  It  was  massive,  calcareous,  and  had  high  strength  compared 
to  Woodbine  clay  shale  which  has  relatively  low  strength,  and  is 
highly  fractured,  jointed,  and  non-calcareous. 

j.  Instrumentation  line  E.  Piezometers  for  instrumentation  line 
E  were  installed  in  two  strata  as  shown  on  Plate  40.  The  upper  stra¬ 
tum  being  monitored  was  the  "waxy”  clay  shale  unit  of  the  Woodbine 
formation.  The  lower  stratum  monitored  was  at  the  Del  Rio  correlation 
bed.  No  thick  sandstone  unit  was  encountered  along  this  line.  Plots 
of  piezometric  elevation  and  fill  elevation  versus  time  are  shown  on 
Plates  43  through  56. 

k.  Analysis  of  piezometer  reading  line  E.  For  instrumentation 
line  E,  all  piezometers  were  installed  in  Woodbine  clay  shale  except 
for  P-65  which  was  installed  in  Del  Rio  clay  shale.  Readings  in  the 
Woodbine  clay  shale  were  all  quite  low  or  simply  reflected  groundwater 
fluctuations,  except  for  P-67,  which  registered  a  maximum  piezometric 
level  above  the  top  of  fill.  This  response  is  due  to  the  characteris¬ 
tics  of  the  Woodbine  in  this  area.  The  Woodbine  shale  along  line  E 
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abuts  the  floodplain.  The  shale  in  this  zone  has  undergone  stress 
relief  due  to  unloading  from  erosion.  This  has  produced  a  fractured 
and  jointed  structure  in  the  shale  which  has  increased  permeability. 
Also,  the  shale  along  line  E  is  interbedded  with  numerous  sandstone 
layers.  At  piezometer  P-67,  the  Woodbine  strata  is  thicker  and  the 
piezometer  tip  was  possibly  located  in  a  more  intact  zone  with  less 
fracturing.  In  the  Del  Rio  formation,  piezometer  P-65,  unlike  the  Del 
Rio  piezometers  at  line  D,  exhibited  only  a  moderate  pore  pressure 
response.  It  may  be  that  the  tip  was  not  installed  deep  enough  into 
the  Del  Rio  and  pressure  may  have  partially  bled  off  into  the  more 
pervious  Woodbine  formation. 

11-02-  Inclinometers. 

a.  General  description.  During  the  initial  contract,  12  inclino¬ 
meters  were  installed,  1-1  through  1-5  along  instrumentation  line  A, 
1-6  through  I -10  along  instrumentation  line  B,  and  I -11  and  1-12  at 
the  outlet  works  discharge  channel.  The  inclinometers  for  the  initial 
contract  are  shown  in  plan  view  on  Plate  28.  They  were  bottomed 
approximately  15  feet  into  the  clay  shale  of  the  Del  Rio  formation. 
Inclinometers  1-1  through  I -10  were  designed  to  monitor  horizontal 
movements  of  the  embankment  foundation.  The  instruments  were  cased 
through  the  embankment  fill  with  steel  pipes.  Inclinometers  I -11  and 
1-12  were  designed  to  monitor  channel  slope  movements  during  the  ex¬ 
cavation  of  the  outlet  works  channel.  During  the  completion  contract, 
four  inclinometers,  1-13  through  1-16,  were  installed  in  the  embank¬ 
ment  closure  section  at  locations  shown  on  Plate  28.  These  inclino- 


meters  were  designed  to  monitor  horizontal  movement  of  embankment 
foundation.  All  embankment  foundation  monitoring  inclinometers  were 
bottomed  a  minimum  of  15  feet  into  the  Del  Rio  formation. 

b.  Analysis  of  inclinometer  data.  Inclinometers  were  used  to 
measure  horizontal  movement  in  the  foundation  only.  No  readings  were 
taken  in  the  embankment  fill  since  foundation  shear  strength  and  not 
fill  shear  strength  controlled  the  embankment  design.  Inclinometer 
readings  have  indicated  only  minor  horizontal  movement  in  the  founda¬ 
tion.  Most  of  this  movement  has  occurred  in  the  overburden  and  wea¬ 
thered  primary  strata.  Essentially  no  movement  occurred  below  the 
weathered  zone.  Plots  of  horizontal  deflection  versus  depth  are  shown 
on  Plates  57  through  61.  There  is  an  expected  amount  of  scatter  in 
the  data,  due  to  the  variations  in  the  different  monitoring  equipment, 
probes,  cables,  and  readers  used  to  obtain  the  readings.  However, 
even  with  the  scatter,  the  general  trend  is  upstream  deflection  for 
the  upstream  inclinometers  and  downstream  deflection  for  the  downstream 
inclinometers.  It  should  also  be  noted  that  the  greatest  horizontal 
movement  occurred  near  the  centerline  where  embankment  settlement  is 
greatest.  No  significant  deflection  was  observed  in  the  unweathered 
primary  including  the  "waxy"  clay  shale  units. 

11-03.  Foundation  settlement  plates  and  surface  reference  marks.  For 
the  initial  contract,  foundation  settlement  Plates,  SP-1  through  SP-4, 
and  surface  reference  marks,  RM-1  through  RM-31,  were  installed  at 
locations  shown  on  Plate  29.  During  the  course  of  the  initial  con¬ 
tract,  the  bench  marks  used  to  obtain  surveyed  settlement  plate  eleva- 


tions  were  found  to  be  unstable,  probably  due  to  ground  surface 
movement  caused  by  soil  moisture  changes.  As  a  result,  the  settlement 
plate  elevation  readings  were  erratic.  To  remedy  this  problem,  "free 
standing"  deep  bench  marks  were  installed.  These  deep  bench  marks 
were  designed  to  be  independent  of  shallow  ground  movements  due  to 
moisture  changes.  The  deep  bench  marks  installed  in  the  summer  of 
1980  were  intended  to  be  the  basis  of  the  settlement  plate  and  surface 
reference  marks  surveys.  However,  when  the  deep  bench  marks  were  tied 
together  by  survey,  the  error  of  closure  in  the  traverse  was  exces¬ 
sive.  It  was  determined  that  the  PVC  casing  used  to  construct  the 
deep  bench  marks  was  curved  and  allowed  the  free  standing  steel  pipe 
to  rub  against  the  casing.  Due  to  the  continued  lack  of  a  reliable 
bench  mark,  the  settlement  plate  and  surface  reference  mark  readings 
were  discontinued  on  the  initial  contract.  For  the  completion  con¬ 
tract  "core  tipped"  deep  bench  marks  were  successfully  used  to  provide 
a  stable  bench  mark  for  the  settlement  plate  measurements.  This  type 
bench  mark  is  constructed  of  a  3-inch  diameter  machined  steel  cone 
welded  on  to  a  0.5  inch  diameter  steel  rod.  After  a  bore  hole  is 
drilled  the  cone  and  attached  rod  is  pushed  into  the  stable  founding 
strata.  A  protective  2-inch  diameter  steel  pipe  is  installed  over  the 
0.5  inch  diameter  steel  rod.  The  hole  is  then  filled  with  grease 
except  for  the  top  portion  which  is  grouted.  For  the  completion  con¬ 
tract,  two  settlement  plates,  SP-5  and  SP-6,  were  installed  to  monitor 
foundation  settlement  of  the  overburden  and  weathered  primary.  Both 
settlement  plates  were  installed  on  line  D,  SP-5  was  located  90  feet 
upstream  and  SP-6  was  located  90  feet  downstream.  flots  of  plate  ele- 
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vation  and  fill  elevation  versus  time  are  shown  on  Plate  62.  Only 
moderate  settlements  were  indicated  from  both  instruments. 


11-04.  Outlet  works  reference  marks.  Reference  marks  were  installed 
along  the  invert  of  the  conduit,  on  the  intake  tower,  along  the  dis¬ 
charge  chute,  and  on  the  stilling  basin  walls.  The  reference  marks 
were  surveyed  after  installation  in  January  1981.  A  subsequent  set  of 
readings  was  taken  in  October  1981.  Diversion  of  water  througn  the 
outlet  works  during  construction  was  necessarily  caused  by  the  inabil¬ 
ity  to  close  the  gates.  Electric  power  required  to  operated  the  gates 
had  not  been  connected.  Therefore,  no  readings  were  taken  until  May 
1983.  Electric  power  was  connected  to  the  control  tower  in  March  1983 
making  the  gates  operable.  Two  additional  sets  of  outlet  works  refer¬ 
ence  mark  readings  were  made  in  May  1983  and  March  1984.  Plot  of  the 
reference  mark  readings  for  the  outlet  works  are  shown  on  Plate  63. 
The  initial  set  of  readings  taken  in  January  1981  shows  that  the  out¬ 
let  works  conduit  was  constructed  approximately  0.2  foot  higher  than 
the  elevation  shown  on  the  contract  plans.  The  second  set  of  readings 
made  in  October  1981  indicated  that  only  minor  vertical  movements  took 
place  as  a  result  of  embankment  fill  placement  over  the  conduit  during 
the  period  from  January  1981  to  October  1981.  Readings  taken  on 
12  May  83  indicate  end  of  construction  settlement.  The  maximum  settle¬ 
ment  recorded  was  approximately  0.1  foot  at  the  embankment  centerline. 
Readings  made  in  March  1984  indicated  no  additional  displacement  and 
were  not  plotted.  No  significant  spreading  or  misalignment  of  the 
monolith  joints  has  occurred. 
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SECTION  12  -  INSERVICE  EVALUATION 


12-01.  General .  The  inservice  performance  of  the  Aqu ilia  Lake  em¬ 
bankment  and  appurtenant  structures'  foundations  has  shown  to  be 
excellent.  Deliberate  impoundment  began  on  29  April  1983.  The  im¬ 
pounded  pool  had  reached  elevation  532.4,  or  about  5  feet  below  con¬ 
servation  pool,  as  of  January  1985.  Surveillance  inspections  have 
been  conducted  subsequent  to  construction  in  accordance  with  the 
"Reservoir  Filling  Plan",  DM  No.  23.  No  signs  of  structural  distress 
have  been  observed. 

12-02.  Embankment  stability.  In  view  of  the  foundation  performance 
and  fill  conditions  encountered  during  construction,  the  shear  strengths 
and  unit  weights  indicated  by  record  samples,  and  the  actual  excess 
pore  pressures  developed  during  construction,  the  analyses  conducted 
during  design  are  considered  appropriate  and  sufficient.  No  addition¬ 
al  embankment  stability  analyses  will  be  conducted. 

12-03.  Pam  safety.  The  Fort  Worth  District  has  a  strong  commitment 
to  dam  safety.  The  Aqu ilia  dam  embankment  has  already  been  subjected 
to  two  inspections  by  teams  of  geotechnical  engineers  and  geologists 
as  part  of  the  program  for  Continued  Evaluation  of  Completed  Civil 
Works  Projects.  Instrumentation  is  being  read  and  interpreted  on  a 
scheduled  basis.  All  data  and  observations  during  and  subsequent  to 
construction  indicate  the  embankment  is  and  will  continue  to  function 
as  a  safe  structure  as  designed. 
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CORPS  OF  ENGINEERS 


U.  S.  ARMY 


Photo  1  July  1983 

Aquilla  Dam,  looking  west  along  upstream  side  of  embankment. 
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Photo  4  January  1982 

Mucking-out  operation  at  Aquilla  Creek  channel 


Photo  5  February  1982 

Foundation  preparation  and  backfilling  in  Aquilla  Creek  channel 
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Photo  6  February  1982 

Backfilling  in  Aquilla  Creek  area  looking  downstream 
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Photo  10  April  1982 

Fill  placement  operations  in  closure  area 


Photo  11  August  1981 
Sheepsfoot  rollers  processing  material  in  random  fill  zone 
of  dam 
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Photo  12  September  1981 

Pre-watering  in  borrow  area 


Photo  13  August  1981 

Loading  of  material  removed  from  spillway  excavations 
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U.  S.  ARMY 


Photo  1-4  March  1981? 

Processing  of  12”  stone  protection  materials 
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Photo  16  April  1983 

Upstream  slope  protection  on  initial  embankment 


Photo  17 

Display  of  materials  for  an  open  system  piezometer  installation. 
Notice  the  2-foot  long  porous  plastic  tip  attached  to  the  3/8-inch 
diameter  PVC  riser  pipe,  the  bag  of  filter  sand,  and  bentonite 
pellets  for  the  seal. 
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Photo  18 

View  of  an  open  system  piezometer  after  installation.  Notice 
the  inner  3/8-inch  PVC  riser  pipe  with  vented  cap  and  the 
outer  lV-inch  diameter  steel  protective  pipe. 


Photo  19 

View  of  piezometer  showing  temporary  instrumentation  protection, 
consisting  of  an  earth  mound  and  painted  barrel. 
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Photo  24 

View  showing  a  phase  of  the  inclinometer  installation.  Air 
hose  shown  is  connected  to  vibrator  used  to  densify  sand 
backfill  around  the  blue  PVC  inclinometer  casing  shown  in 
the  photo. 


Photo  25 

Preparation  to  read  an  inclinometer.  The  sensor  probe  that 
attaches  to  the  cable  is  not  shown.  Note  protective  fencing 
and  protection  steel  casing.  ' 
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Photo  26 

Settlement  plate  on  prepared  embankment  foundation.  Note 
the  3'x3'  steel  base  plate  and  1-ir.ch  diameter  galvanized 
steel  riser  pipe.  Not  shown  is  the  outer  2-inch  diameter 
galvanized  steel  protective  pipe. 
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